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ABSTRACT
Effects Of A Heat Acclimation Program On Physiologic & Psychological 
Responses To Work & Heat While Wearing Fire Ensemble
by
Dale Anthony Branks
Dr. Lawrence Golding, Examination Chair 
Professor of Kinesiology 
University of Nevada, Las Vegas
Heat acclimation program effects on rectal temperature and heart rate during walks in the heat 
wearing structural fire protective ensemble (FE) were examined. On six consecutive days, male
subjects (#=7) walked 30 minutes on a treadmill (46-53% VOzpe^J within a 40±2°C, 20-22% r.h. 
environment, wearing FE. Rectal (Tne) mean skin (Tsk), and rectal-skin temperature gradient 
(Trec-Tsk), heart rate (HR), oxygen uptake (VOz), minute ventilation (VE), rating of perceived 
exertion (RPE), rating of thermal discomfort (RTD), sweat rate and Na^ and K^ were assessed 
daily. Significance (p<0.05) was determined by one way repeated measures ANOVA.
Average heart rate, and daily sweat Na^ and K^ concentrations were the only variables observed 
to decrease significantly during the six days. These changes however were small and represent a 
questionable practical benefit. Therefore, a six day heat acclimation program during summer 
months provides no benefit to work in the heat while wearing FE.
Ill
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CHAPTER I 
INTRODUCTION
Within an ergonomics paradigm, performance o f work within hostile environments can be 
improved by either altering the characteristics of the work, the environment, or the person 
performing the work within the environment. Structural hre fighting is one occupation that may 
be amendable to ergonomic intervention since it has the potential for being very physically 
demanding and dangerous. Physical fitness is strongly related to success during time critical 
structural fire suppression tasks (Lemon, & Hermiston, 1977; Davis et al. 1982; Schonfeld, Doerr, 
& Convertino, 1990; Sothmann, et al., 1990; Gledhill & Jamnik 1992; Myhre et al. 1997; 
Williford, Duey, Olson, Howard, & Wang, 1999). Firefighting has also been ranked as among the 
15 deadliest occupations. The fatality rate for fire fighters between 1992-97 was approximately 
17 deaths per 100,000 fire fighters, as compared with the national rate of 5 fatalities per 100,000 
employed workers in all industries (Clarke & Zak, 1999). Leigh (1987) examined the death rates 
across several occupations in 11 of the US states. Firefighting was ranked 6* with a rate of 49 per 
100,000  workers.
The dangers o f fire fighting may be related to the fire fighter’s cardiovascular health, 
overall physical fitness, and resistance to work and thermal stress. Significant cardiovascular 
stress has been observed during structural fire fighting (Barnard & Duncan, 1975; Kurt & Peters, 
1975; Sothmann et al., 1992). In 1975 Duncan and Barnard recorded ECG and heart rate data 
from 35 fire fighters responding to 189 alarms. In almost all cases, high heart rates (175-195 beats 
per minute) were observed during the first 3 to 5 minutes of fire fighting. In 1992, Sothmann and 
coworkers observed ten firefighters during actual structural fires and reported an average heart
1
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rate 157 ± 8 bpm, with a range of 147-171 beats per minute which represented 88± 6% of 
maximal heart rate for these fire fighters. Many authors have also observed significant thermal 
stress during simulated structural fire suppression (Lusa, et al., 1993; Smith, et al., 1996, 1997, 
1998,2001; Romet & Frim, 1987), and during treadmill walking while wearing fire protective 
clothing in both hot and cool environments (Smolander et al.,1991; Baker et al., 2000; Duncan, 
Gardner, & Barnard 1979; Skoldstrom, 1987; Faff & Tutak,1989; Ftaiti et al., 2001; Malley et al., 
1999; Louhevaara, 1995).
The combination o f heat, and work with a time pressure of an emergency response, and 
psychological stress of rescue may be fatal for some. For all on duty fire fighter deaths reported 
between 1990 and 2000 ( N =  1085), 44% were due to myocardial infarction and the most 
common immediate cause, 46% of the 1085 deaths, was overexertion/strain (United States Fire 
Administration [USFA] 2002). The occurrence of heart attack and cardiac arrest should not be 
surprising considering the risk of sudden severe exercise. Sudden severe exercise has been shown 
to produce myocardial ischemia in healthy men (Barnard et al 1973, Foster et al. 1981, Foster et 
al., 1982) and dogs (Duncan et al. 1987) and ventricular wall motion abnormalities (Foster, 1981) 
Furthermore, it has been observed that, intense exercise stress may serve as a trigger for acute 
myocardial infarction (Albert et al., 2000; Mittleman et al,. 1993; Willich et al., 1993) and/or 
sudden cardiac arrest (Albert et al., 2000; Friedwald & Spence 1990; Kessler et al., 2001; 
Siscovick et al. 1984; Zipes & Wellens 1998).
Heat stress may cause impaired work performance or injury directly through thermal 
insult: heat stroke, heat exhaustion, heat cramps or heat syncope (McCance & Hurther, 1998). 
Alternately, elevated brain temperature (Sharma, Pichan, & Panwar, 1983; Tanaka, Ohnaka, 
Yamazaki, & Tochihara, 1987), and dehydration (Cian et al., 2001), both possible consequences 
of work in the heat may lead to cognitive impairment. Alterations in judgment and decision 
making may lead to other thermal (bums) or nonthermal fire ground injuries. Other authors 
(Hancock P., 1982; Enander & Hygge, 1990) have noted that psychological strain or impairment
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of mental functioning may increase the risk of accident. Over 87,500 hrefigbters were injured on 
the job in 1998. Seventy percent, and 49.2% of these injuries occurred in the area of a fire 
incident in 1996 and 1999 respectively (Karter, & LeBlanc, 1999; USFA, 2002).
Given the apparent risks involved in structural fire suppression, it seems that 
opportunities for applying interventions to reduce morbidity and mortality exist. Steps have been 
taken. Significant advances in protective clothing, fire scene Incident Command System (ICS), 
persona] alert safety systems (PASS), rescue of fallen firefighters by rapid intervention teams 
(RIT), self rescue techniques, on scene rehabilitation, and fire fighting tactics have been 
implemented for the purpose o f decreasing the morbidity and mortality during structural fire 
fighting (National Fire Protection Association [NFPA] 2000a, 2000b, 2000c, 2002, 2003). 
Between 1977 and 2000, firefighter deaths have decreased 59 percent (Fahy & LeBlanc, 2001). 
However, the total number o f structure fires for the same period decreased 54 percent (Karter, 
2001). Furthermore, in the late 1970s, the death rate for firefighters at structure fires was 
approximately 5.8 deaths per 100,000 fires and despite lows of 4.8 deaths per 100,000 fires in 
1987 and 1994, the death rate per 100,000 structure fires was 5.7 in the late 1990s (Fahy, 2002).
The dangers during structural fire fighting probably persist because structural fire 
fighting is veiy labor intensive, dynamic, and conditions on the fire ground may change rapidly, 
requiring moments of near maximal or maximal exertion. Therefore, one element of the worker- 
work-environment model that may benefit from interventions may be the worker, making 
countermeasures for work and beat stress important.
As early as 1768 Lind recognized the importance o f acclimatization when he reported the 
habituation of heat in newcomers to the tropics (Yousef Sagawa, & Shiraki, 1986). It is well 
documented that heat acclimation, or acclimatization, result in adaptations that increase tolerance 
of work in the heat and may be used as a control for heat stress (Yousef et al., 1986).
Heat acclimation, by daily work in the heat, results in physiologic adjustments that 
improve tolerance of work in the heat over days. This improvement is seen as longer tolerance
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times, and decreased heart and rectal temperature during subsequent heat exercise exposure. 
Improvements in heat loss occur through adjustments in skin blood flow and evaporation. In very 
hot environments, the main mechanism for heat loss is evaporation. Lower cardiovascular strain 
is achieved through a better maintenance of central blood volume. Physiologic adaptations 
commonly cited to occur with heat acclimation or acclimatization and cause lower core and skin 
temperatures and heart rate include the following (Werner, 2001):
« Increased sweat rate
# Increased sweat and cutaneous vasodilation sensitivity
* Lower swearing and vasodilation threshold
* Improved sweat distribution over the body surface
# Increased stroke volume
• Plasma volume expansion by plasma protein influx to the intravascular space and sodium 
conservation
# Lower metabolic rate
Although some authors suggest firefighters should undertake formal heat acclimation programs 
(Gavhed & Holmer, 1989), the benefit of heat acclimation on work while wearing fire protective 
clothing is not clear. During work in hot environments, evaporation is the primary mode of heat 
loss. The evaporation rate of water fiom the skin surface is dependent upon air velocity, and air 
vapor pressure gradients between the skin and clothing, and clothing and environment (Berglund 
& Gonzalez, 1977) Wearing protective clothing can interfere with evaporative heat loss (Pascoe 
et al., 1994). Also, evaporative heat loss through wet clothing is less efficient than evaporation 
from the skin, as some of the heat for evaporation can be drawn in from the environment (Craig, 
& MofGtt, 1974). Nunnelly (1989) suggested that increases in evaporation may be a negative 
adaptation during work in protective clothing. This supposition has been supported by the 
findings of Chang & Gonzalez (1999). These authors investigated the effect of heat acclimation
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on clothing ensembles with difierent evaporative potentials (EP). Heat acclimation provided no 
benefit to individuals wearing protective clothing that possessed an EP of less than 15%.
In a compensable heat stress (CHS) environment, evaporative cooling minimize elevation 
in core temperature during a heat and/or exercise challenge. Heat loss through evaporation 
matches the metabolic and environmental heat loads. A lightly clothed person exercising in dry 
heat is an example of a CHS exercise scenario. When the evaporative heat loss required to 
maintain a thermal steady state (E^q) exceeds the maximal evaporative capacity of the 
environment (E ^ ) ,  the body stores heat, and core temperature rises. The term uncompensable 
heat stress (UHS) has been used to describe this type of environment (Givoni, 1972). Both 
military Nuclear, Biological, Chemical (NBC) warfare ensemble and fire fighter protective 
ensemble (FE) may behave as UHS environments. Some authors have observed no positive 
benefit of heat acclimation on tolerance time during work in the heat while waring NBC 
protective clothing (Aoyagi, McLellan, & Shephard, 1994; McLellan, & Aoyagi, 1996; McLellan 
& Cheung, 1998). However, others, have observed heat acclimation to prolong tolerance time 
during work in the heat while wearing NBC protective clothing (Aoyagi, McLellan, & Shephard, 
1995; Aoyagi, McLellan, & Shephard, 1998)
Purpose
The aim of this study was to determine the effect of a heat acclimation program on physiologic 
responses (rectal temperature, skin temperature, core to skin temperature gradients, heart rate, 
minute ventilation, oxygen consumption, respiratory exchange ratio, sweat rate, sweat sodium 
and potassium concentrations)aod psychological responses (rating of perceived exertion and 
rating of thermal discomfort) to work in the heat while wearing fire ensemble during six 
consecutive days.
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Statement of the Hypotheses 
It was proposed that physiologic and psychological responses to work while wearing fire 
ensemble in the heat would be improved during a six-day heat acclimation program. The 
statistical expression of the null hypothesis was: Ho : /z day 1 = /.z day 2 = jU day 3 = /z day 4 = /Lz 
day 5 = // day 6 . The alternate hypothesis was H, : // day 1 > // day 2 > // day 3 > // day 4 > /z 
day 5 > /z day 6 . Where // represents the group mean physiologic and psychological responses 
during the 30 minute walk bouts in the heat, and the = sign indicates no difference in responses 
between days, and the > sign indicates the responses to be "worse than" the following day or 
days.
Research Question
Do physiologic and psychological responses improve during a six day heat acclimation protocol 
when subjects wear fire ensemble?
Assumptions and Limitations 
• The conclusions based on the results of this research should be limited to a population similar 
to the sample studied. Age, gender, aerobic fitness level, and body composition are all known 
to have a role in how the body responds to heat stress.
« The protocol for the heat tolerance test used continuous work to determine the effect of a heat 
acclimation program. Structural fire suppression may not be continuous. Current NFPA 
guidelines call for a work duration o f no more than the time required to expend a 30-minute 
SCBA cylinder during structural fire fighting or 20 minutes of intense work without SCBA 
(NFPA, 2003). However, for situations where manpower is limited, especially within small 
fire departments, work may proceed continuously until the fire is extinguished. Additionally,
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this study did not evaluate the influence of radiant heat from the sun, or structure fire on 
thermal responses before and after heat acclimation.
Previous authors have reported the acute phase of extinguishing a structure fire to be 
relatively short. Sothmann and coworkers (1990) observed 13 fire fighters during work inside 
and outside actual structure fires. Fire fighters worked an average o f 14:20+8.32 (min:sec) 
within the dwelling. Gempel & Burgess (1977) observed Boston fire fighters working at 126 
incidents over a 20 month period. The average work duration at a working fire requiring 
periods of heavy and epeeded physical activity was 9:57 (min:sec). Although it would appear 
the duration of structural fire fighting is relatively short, the reality is that fire fighters may 
e?q)erience several 15-20 minute bouts of work during the initial extinguishment of the fire. 
Furthermore, the total time on a single fire incident is dependent upon several factors such as 
ambient conditions, size of the structure, availability of water, and the number of fire fighting 
personnel and duration of work while wearing fire protective clothing may be in excess of 
several hours.
Many fire fighters work 24 hour shifts, and may have the opportunity to respond to several 
incidents requiring protective clothing wear in the heat within one shift.
The benefits of a heat acclimation program in this study have been assessed by work bouts in
the heat at -50% VOzpeak. Whether or not heat acclimation benefits work while wearing fire 
protective clothing may depend upon the woik rate and ambient temeperature. The fire 
fighter may assume one of several different roles during a fire attack and each may require a 
different level of work, and result in different levels of physiologic stress. Yousef^
Rasmussen, and Myhre (1988) examined physiologic stresses during United States Air Force 
ground crews wearing NBC protective clothing, and noted that oxygen uptake, heart rate, 
rectal and skin temperatures were dependent upon the particular role the groundcrew member 
assumed during an F-16 bomb loading procedure.
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# This study was also unable to simulate the psychological stressors present during an actual 
emergency as reported by Hurley et al .(1980) and Barnard & Duncan (1975).
« The duration of work in this study was set at 30 minutes and may have been a limitation. 
Several pressures drove the decisions to use a 30 minute work/heat exposure duration. This 
duration was chosen because it seemed to represent the ceiling for a single work bout 
duration during a structure fire. Previous authors have observed heat acclimation to occur 
with similarly short daily exposures (Gill & Sleivert, 2001; Houmard et al., 1990). 
Furthermore, we hoped to identify a heat acclimation protocol that would be economical and 
practically useful for fire departments. Finally, physically fit subjects seemed to be very near
fatigue when they walked 30 minutes at -50% VOzpa* while wearing fire protective clothing 
in a 40°C 22% r.h. environment with no radiant heat.
Significance of the Study 
During work in fire protective clothing, heat stress places added demands upon fhe cardiovascular 
system in excess of those required by structural fire fighting tasks. If cardiovascular and 
thermoregulatory stressors can be minimized by training and or heat acclimation, injury to fire 
fighters may be reduced. This study may also aid fire department administration in developing 
guidelines for heat acclimating fire fighters and setting limits on woik time in fire ensemble in the 
heat.
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CHAPTER 2
REVIEW OF THE RELATED LITERATURE
History
An interest in human adaptation has resulted from both militaiy conquest, and industry where 
work has been performed within hot environments. As Horvath (1981) pointed out, imperialistic 
expansion into the climatic extremes of India, Africa and the west generated interest in the effect 
o f hot climates on Europeans and a search for adaptive techniques as early as the late 1700’s by 
Lind (1773), and Jackson (1789, 1795), as cited in Horvath (1981). Horvath also reported that 
observational studies turned to direct experimentation with British investigators in the early 
1900’s by Haldane (1905), Young et al.(1905) and Hunt (1912). Work from the Pierce 
Laboratory at Yale and Harvard Fatigue Laboratory reported physical factors involved in the 
regulation of body temperature (Horvath 1981). Vernon was one of the first to clearly report heat 
acclimatization resulting in a lower heart rate, and greater sweat rate and soon after Vernon’s 
publication, controlled studies in chamber and in natural environments were completed (Horath
1981).
Several investigations and conclusions on mitigating heat stress have been realized after 
industrial heat stress deaths. Dreosti (1935) cited Mavrogradato and Priow (1927) as the first 
recorded investigation into deaths from "heat effects’’. The authors examined four deaths 
resulting from mining in South Africa and concluded that workers should be "acclimatized" and 
learn their work in cooler parts before being sent to hot parts of the mine. During the first year of 
Hoover Dam construction, between June 25 and July 26, 1931 there were 16 industrial fatalities
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recorded as heat prostration (United States Department of the Interior, Bureau of Reclamation 
[USDI,BR], 2003). In 1933 Dill and coworkers reported a progressive decline in sweat sodium 
and chloride during the first 6 days of a 20 day stay in the desert near Boulder City, Nevada and 
concluded that the decrease in sweat chloride was part of the mechanism o f acclimatization and 
was beneficial to the salt economy and the improved maintenance of body fluid volume and 
composition (Horvath, 1981). In 1935, Dreosti presented descriptive experimental studies of 
underground woiters of the City Deep Mine in South Aftica. He developed a heat tolerance test 
which required men to shovel rock on consecutive days. The author considered subjects to have 
been acclimatized when body temperature was lower in response to a standard amount of work 
and heat, and when sweat rate had increased. He also observed these adaptations to be maximal 
within 14 days, with no further ad^tation occurring with continued work in the heat for up to one 
month. The author also noted that working in a cool environment would not produce heat 
acclimation. Horvath (1981) reported that the early work on acclimatization to heat (Robinson et 
al., 1943; Eichna et al., 1945; Bean & Eichna, 1943) was an extension of Dreosti’s ^proach  and 
represents the model on which heat acclimatization experiments have been based for decades.
During the period surrounding World War H, 1942 to 1945, Adolph and coworkers 
(1947) examined the effect of heat and work on soldiers wearing normal combat clothing in both 
deseert and tropical environments. During more modem military conflicts a real threat of nuclear, 
chemical, and biological (NBC) weapons has been realized, and a great deal of work was done to 
investigate the effect o f work and heat while wearing clothing protective against NBC agents 
after two relatively recent military actions: Operation Desert Shield in 1990 and Desert Storm in 
1991. Much of this work described physiologic responses to work while wearing protective 
clothing, and the effects of physiological manipulations on tolerance of work in the heat while 
wearing NBC protective clothing (Aoyagi et al., 1994, 1995, 1998; Aoyagi, McLellan, & 
Shephard, 1997; Chang & Gonzalez, 1999; Cheung & McLellan, 1998a, 1998b, 1999; Cheung, 
McLellan, & Tenaglia, 2000; Montain, Sawka, Cadarette, Quigley, & McKay, 1994; McLellan,
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Meunier, & Livingstone, 1992; McLellan, 1993; McLellan, Jacobs, & Bain, 1993a, 1993b; 
McLellan & Frim, 1994; McLellan & Aoyagi, 1996; McLellan, 1996; McLellan, Gannon, 
Zamecnik, Gil, & Brown, 1999; McLellan & Cheung, 2000; McLellan, Smith, Gannon, & 
Zamecnik, 2000; Sawka, et al., 2001; Young, O'Brien, Sawka, & Gonzalez, 2000). Theses 
investigations have been done by scientists, many of which are or have been affiliated with the 
U.S. Army Research Institute of Environmental Medicine (USARIEM) and the Canadian 
Defence and Civil Institute of Environmental Medicine (DCIEM). Thermal stress associated with 
wearing protective clothing has been examined in other hazardous occupations. Fire fighting is 
one of these. Previous studies have examined thermal, cardiovascular, and psychological 
responses during work while wearing fire protective clothing (Lemon & Hermiston, 1977; 
Duncan, Gardner, & Barnard, 1979; Romet & Frim, 1987; Skoldstrom, 1987; Faff & Tutak,
1989; Gavhed & Holmer, 1989; Gledhill & Jamnik, 1992; Lusa, Louhevaara, Smolander, 
Kivimaki, & Korhonen, 1993; Smith, Petruzzello, Kramer, & Misner, 1996,1997; Smith & 
Petruzzello, 1998; Baker, Grice, Roby, & Matthews, 2000; Ftaiti, Dufiot, Nicol, & Grelot, 2001; 
Smith, Manning, & Petruzzello, 2001). Although this research seems fairly well developed, it is 
difficult to interpret. Some studies on structural fire fighting and protective clothing are more than 
two decades old (Barnard and Duncan, 1975; Lemon & Hermiston, 1977; Duncan, Gardner, 
Barnard, 1979; Hurley et al., 1980). Significant advances have occurred in the materials used in 
fire protective clothing over these time periods. The series of studies by Smith, et al., 1996, 1997, 
1998, 2001 reportedly used tympanic temperature (Tty) as a surrogate for core temperature. 
Unfortunately, Tty is not accepted as a valid measure of core temperature for subjects exercising 
in the heat (Moran & Mendel, 2002) and Tty has been critically reviewed by Brengelmann 
(1987).
Many other studies evaluating the physiologic responses of work while wearing fire 
protective clothing can be found in peer reviewed journals. However, these have been done 
outside the United States, using different types o f fire protective clothing: in Canada (Romet &
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Frim, 1987; Lemon & Hermiston, 1977; Glehill & Jamnik, 1992), in Europe (Lusa, et al., 1993; 
Smolaner et al., 1991; Kuorinka and Korhonen 1981; Louhevaara, 1994,1995; Skoldstrom B., 
1987; Faff & Tutak, 1989; Ftaiti et al., 2001) and in the United Kingdom (Baker et al., 2000). 
Furthermore, no studies have directly observed the impact of physiologic manipulations on work 
in fire protective clothing as has been done with NBC clothing research: body composition 
(Selkirk et al. 2001), aerobic fitness (Aoyagi et al., 1994; Cheung & McLellan, 1998; 1999), level 
of hydration (Cheung & McLellan, 1998; McLellan et al., 1999; McLellan & Cheung, 2000), heat 
acclimation (Aoyagi et al., 1994,1995, 1998; McLellan & Frim, 1994; McLellan & Aoyagi,
1996; Cheung & McLellan, 1998).
Thermoreeulation terminoloev
Degree Celsius f °C): the hundreth part fo the difference between the temperature of melting ice 
(0°C) and that of boiling water (100°C) at the standard pressure of 1013 millbars. (Houdas and
Ringl982). The conversion from °C to°F is °F = 1.8(°C) +32
Degree Fahrenheit f °FJ: 180 equal divisions between the ice point (32°F) and the steam point
(212°F). (Cutnell & Johnson 2001). The conversion from °F to°C is °C = 0.555 (°F -  32)
Heat flux: the official unit is the watt (W), which is the power corresponding to 1 joule per 
second.
Surface area of heat transfer (A): Unit: square meter (m^)
Area, total bodv lAnJ: The area of the outer surface of a body assumed to be smooth, in m .̂
Heat flux bv evaporation (evaporative heat rate: E): Unit W (generally per m^)
Metabolic free energv production (Ml: corresponds to the total energy produced by the body and 
includes all forms of energy. Expressed as a rate of energy production, the appropriate symbol is
Metabolic heat production ( M): may also be expressed in W»m'^ of surface area. M is usually 
determined by measuring oxygen consumption.
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Heat Storage (51: Unit J. Rate of beat storage (E dot) -  the difference between the rate of heat gain 
and heat storage. Unit: W (generally per m^)
Mechanical Energv H Fl: the part of energy appearing as mechanical energy during muscular 
exercise. Unit: W (generally W/m^)
Bodv temperature tTQ: a composite temperature including core and skin temperature.
Core temperature ITgl: the mean temperature of the tissues at a depth below that which is affected 
directly by a change in the temperature gradient through peripheral tissues (Houdas and Ring,
1982).
Heat strain: ill effects of excess body heat. However, this term is usually restricted to the earliest, 
mildest effects (Horowitz & Hales, 1998).
Heat svncone: dizziness or syncope that occurs in an upright person in a hot environment. This is 
usually caused by reduced brain blood flow. Reduced cerebral blood flow may results hom a 
decreased right atrial pressure due to decreased venous return. Venous return may be reduced 
following heat induced cutaneous vasodilation and postural pooling of blood (Horowitz & Hales, 
1998).
Hyperthermia: the condition of a temperature-regulating animal in which the core temperature is 
more than one standard deviate above the mean core temperature of the species resting in 
conditions in a thermoneutral environment (Houdas and Ring 1982). Also defined as marked 
warming of core temperature. At 41 °C (105.8°F), nerve damage results in convulsions in adult 
patients. At 43°C (109.4°F), death results. (McCance & Hurther, 1998)
Heat cramps: severe spasmodic cramps in the abdomen and extremities that follow prolonged 
sweating and sodium loss. Heat cramps usually occur in individuals working strenuously in the 
heat that are not heat acclimated. (Guyton & Hall, 2000)
Heat exhaustion: a result o f pro&und vasodilation and sweating in the heat producing 
dehydration, decreased plasma volumes, hypotension, decreased cardiac output and blood
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pressure. Symptoms of heat exhaustion include weakness, dizziness, nausea, and fainting . 
(McCance & Hurther. 1998).
Heat stroke: a true medical emergency and is defined as a combination o f hyperpyrexia (often to 
40°C (106°F) or greater) and neurological symptoms (Vance, 1992). Neurologic symptoms may 
include seizure, loss of consciousness, confusion, or agitation (Gisolf & Mora F, 2000).Rectal 
temperatures commonly cited as thresholds for heat stroke range from 40 to 40.6 °C (McKance & 
Hurther, 1998; Guyton & Hall, 2000; Leithead & Lind, 1964).
Compensable Heat Stress (CHS): describes an environment where evaporative cooling 
requirements (E ^ ) are less than or equal to the possible cooling capacity of the 
environment.(Ernax).
Uncompensable Heat Stress fUHS): describes an environment where evaporative cooling 
requirements ( f ^ )  exceed the possible cooling capacity of the environment (&«« ); Givoni & 
Goldman 1972). Under these conditions individuals will continue to store heat until exhaustion 
occurs (Sawka et al. 1992)
Dehvdration: a deficiency of body water. Dehydration occurs when the body's output of water is 
greater than its intake. (Meik Manual, 2002)
Adaptation: physiologic adjustments that result in changes in an organisms ability to function in 
an environment. Adaptations may be positive or negative.
Acclimatization: natural adaptation to the environment.
Acclimation: artificial adaptation to the environment.
''Normal" core temperature: In a pathophysiology text by McCance & Hurther (1998)normal 
body temperature is described as being maintained around 37°C (98.6°F) with a range of 36.2°C 
to 37.7°C (96.2°F to 99.4°F). Additionally in a medical physiology textbook by Guyton & Hall, 
(2000), the normal core temperature is cited as a range o f normal temperatures measured orally 
from less than 36°C 97°F) to over 37.5°C 99.5°F. However, as Blatteis points out, in 1868 
Wunderlich measured axillary temperature in a large sample o f healthy adults and found that it
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ranged &om 36.2°C (97.2°F) to 37.5 °C (99.5°F) and considered the mean to be 37°C and his 
observations established the notion that 37°C is the physiologically "normal" core temperature 
(Blatteis, 1998).
Ratine of Perceived Exertion: Rating of perceived exertion (RPE) scales have been used as valid 
and reliable measurements of exercise intensity for decades (Davis & Bailey, 1997; Noble &
Borg 1983; Skinner et al., 1973; Noble & Robertson 1996; Stamford, 1976; Dunbar et al., 1992). 
"Perceived exertion integrates various information including the many signals from peripheral 
working muscles and joints, from central cardiovascular and respiratory functions and from the 
central nervous system." (Borg G. 1982). Two RPE scales exist: category scale (Borg, 1970) and 
a interval scale (Borg, 1982). The category scale has a vertical column o f numbers from 6-20,
(see Figure 9 in Appendix II). The interval scale is numbered from 0-10. Correlations of 0.80- 
0.90 have been observed between heart rate and RPE assessed with the 15 grade Borg 6-20 RPE 
scale (Borg & Noble, 1974; Mihevic, 1981). Although RPE is accepted as being strongly 
correlated with work as assessed by heart rate and wodt across a variety of modes o f exercise, 
RPE has been observed to uncouple from physiological indices of exertion to a degree not 
explained by drifts in oxygen consumption, heart rate, or ventilation (Ljunggren & Karlsson, 
1987). RPE may also be affected by heat exposure. (Nybo & Nielsen, 2001) reported linear 
correlation among core temperature,
Rating of Thermal Discomfort (RTD): scales have been used in a similar manner as perceived 
exertion sales. Thermal comfort has been assessed with a variety of scales (Yaglou, 1925; Fanger, 
1970; Hollies 1971 as cited in Hollies 1977). The McGinnis Thermal Scale (Hollies, 1977) is a 
simple linear scale with a vertical column of numbers from 1 to 13 and verbal anchors (see Figure 
20, Appendix II).
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Responses To Heat And Exercise Stress 
Improving performance in hostile environments has been an interest of physiologist, physicians, 
and those that work in these harsh environment for many years. Hypoxia (Lahiri et al., 1976; 
Ekblom et al., 1975; Squires et al. 1982), dehydration (Adolph et al., 1947; Pitts et al., 1944; 
Coyle & Montain, 2001), accumulation of lactate and the associated decrease in blood pH 
(Fabiato & Fabiato, 1990; Sutton, Jones & Toews, 1981; Swank & Robertson. 1989), and 
glycogen depletion (Coggan & Coyle, 1987; Sahlin, Katz, & Broberg, 1990) can all influence 
performance, and tolerance of prolonged woik. Additionally, recent evidence has documented 
that fatigue during heat stress is associated with the attainment of a critically high core 
temperature, approaching 40°C for endurance-trained subjects (Gonzalez et al., 1999; Nielsen et 
al., 1993; Nielsen et al., 1997). Nielsen et al. (1990) suggested that fatigue during work in the 
heat is the result of high body temperature on central motor center functions or on motivation to 
perform.
Each environment has its own set of physiologic stressors and each require certain 
adaptive responses (Armstrong, 2000). The effect of heat on exercise is of particular concern to
fire fighters. Fire fighters are exposed to the combined effects o f both metabolic heat due to work, 
and environmental heat. Exogenous heat coupled with exercise may accelerate the rise in core 
temperature (Stitt, 2001)
Heat Balance Equation
Humans are homeotherms, capable of functioning relatively independent of the environment by 
maintaining a relatively constant core temperature (Brooks et al. 2000). Homeothermy presents a 
problem in that the heat produced by the body as "physical waste" must be lost into the 
environment (Houdas & Ring, 1982). A balance between heat loss and heat gain must occur to 
maintain a relatively constant body temperature and any increase or decrease in one must be 
matched with similar increase or decrease in the other (Stitt, 2001). Body temperature is affected 
by heat production within exercising skeletal muscle (Wenger, 2001). Within the first few
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minutes o f exercise, muscle temperature increases (Gray & Nimmo, 2001 ; Martin, Robinson, 
Wiegman, & Aulick, 1975). Muscle blood flow also increases rapidly in the contracting skeletal 
muscle and the temperature of the blood rises. Most of the heat produced in active skeletal muscle 
is not lost directly from the skin; it is passed to the body core via the convective flow of venous 
blood returning to the heart (Gleeson, 1998). Heat is transported from the muscle to the body 
core, the body core to the skin. Heat can be transferred from the core to the skin by either tissue 
conductance or blood convection (Houdas & Ring, 1982). Heat may then be lost from the skin by 
Radiation (R), convection (C), Conduction (K), and evaporation (E) with R, C, E as the primary 
routes of heat loss (Powers & Howley, 1996).
The heat balance equation (Burton, 1934, Monteith 1974), summarizes the concept of
balance of heat loss and gain: ± S =  M - ( ± W ) ± K ± C ± R  + E , where M is metabolic heat, 
W is mechanical work, K is conductance, C is convective heat exchange, R is radiative heat 
exchange, E is evaporative heat exchange, and (+) represents heat gain and (-) represents heat
loss (Bensel & Santee, 1997). Metabolic heat (M ) is generated both at rest (Basal Metabolic
Rate), and during physieal activity. The basal metabolic rate was defined by Dubois in 1937 as 
heat produced by cellular metabolism in the awake, basal, post-absorptive state. For steady state
work involving dynamic actions o f large muscle groups, M can be estimated by oxygen uptake
( VO2) and the respiratory exchange ratio (RER) with the equation: M = 352(0.23 RER + 0.77)
( V 02) / Ao in W'm"^ (Kenney, 1998). Energy that is transferred &om the body to the external 
environment as work (W) must be subtracted from the total of metabolic heat to calculate total 
heat production. Of all the energy used to produce external work, only 30% is used to produce 
external work. The other 70% is lost as heat. Heat production can increase 10 times that of basal 
metabolic rate to more than 500 W/m^ (Neilsen, 1938)
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Conductance occurs when the skin is in direct contact with a solid surface. Heat loss 
through conduction is not as important as R, C, E unless a large portion of an individual's body is 
in contact with a cool surface (Bensel & Santee, 1997). Radiation is the heat gain or loss at the 
skin surface by nonionizing electromagnetic waves primarily in the thermal and solar spectrum 
and the flow of heat is not dependent on direct contact (Bensel & Santee, 1997). Convection is 
heat loss or gain due to the transfer of heat at the boundary between the skin and a moving fluid 
(air or water) and is dependent upon moving fluid molecules (Bensel & Santee, 1997). 
Evaporation is the heat loss due to the latent heat of vaporization of water &om the skin or 
respiratory system. It is typically the most important, since the latent heat o f vaporization of 
sweat is high (680 W h L'^) (Kenney, 1998). Heat loss by convection, conduction, and radiation 
can be modified by alterations in skin blood flow. Evaporative heat loss may increase with 
increase sweat rate to a limit; evaporation of sweat is generally lower than the actual sweat rate 
(Wemer, 2001.)
Importance of the Environment In Modifying Heat Transfer 
The effectiveness of each of these heat loss mechanisms is dependent upon certain environmental 
conditions. All dry heat loss mechanisms (radiation, conduction, convection) are diminished with 
high ambient temperatures (Robertshaw & Finch, 1984). If  the ambient temperature is higher than 
skin temperature, heat can be gained (-), or lost (+) by R and C (Kenney, 1998). However heat is 
not gained, only lost (-) through evaporation ( Wilmore & Costill, 1994). Additionally, as the 
environment becomes increasingly hot, above body temperature, heat loss becomes more reliant 
on evaporation. (Robertshaw & Finch, 1984). Evaporation is affected by humidity (Wenger,
1972; Berglund & Gonzalez, 1977) wind velocity (Adams et al., 1992) and difference in vapor 
pressure between the skin and atmosphere (Nelson et al., 1948). Wet clothing (Craig, 1972; Craig 
& Moffitt, 1974) also alters evaporation by changing vapor pressure gradients and the effect of 
wind (Givoni & Goldman, 1972).
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The solar heat load is also influenced by clothing. Nude subjects absorb approximately 
233 watts from the sun. This is halved when clothing is worn (Adolph et al., 1947).
Control of body temperature 
The hypothalamus (Boulant, 1981) and limbic system receive and integrate thermal stimuli and 
organizes a response to maintain a constant internal temperature (Gisolfi & Mora, 2000). The 
body has both peripheral and central thermoreceptors (Hellon, 1970; Hensel, 1973). Inputs for 
hypothalalmic control of body temperature include 1) comparisons between hypothalamic 
temperature and the temperature set point (Ts), and 2) changes in mean skin temperature. (Sato, 
2001; Nadel 1971a, 1971b) Increases in body temperature that result in elevations in 
hypothalamic temperature provide the strongest stimuli for thermoregulatory responses; sweating 
and increased skin blood flow (Nadel et al., 1971). When hypothalamic temperature rises beyond 
the set point, the hypothalamus is activated and two mechanisms: 1) redistribution of blood to 
skin and 2) sweating reduce the strain of heat stress. Sweating does not commence until the core 
temperature reaches a certain threshold (the temperature setpoint T,) and then sweat rate increases 
linearly with increases in core temperature (Sato, 2001). An acute increase in mean Tsk due to an 
increase of air temperature results in a decrease in the threshold for sweating. (Nadel 1971a, 
1971b, 1979). However, elevations in core temperature are approximately nine times more 
important in stimulating sweating than elevations in skin temperature (Nadel et al., 1971a). 
Sweating, which promotes evaporative cooling and increased blood flow which increases 
convective heat loss are usually effective and result in a new elevated steady state core 
temperature for a period of time (Johnson & Rowell, 1975; Kamon & Belding, 1969; Nadel et al.,
1979).
Effect of Dehydration on Core Tempterature 
It is well known that reductions in body water volume will elevate core temperature and heart rate 
during exercise heat stress (Adolph et al., 1947; Eichna et al., 1945; Ladell, 1955; Pitts et al.,
1944; Rothstein & Towbin 1947). It is also weU known that fluid ingestion during exercise in the
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heat can reduce thermal strain (Hamilton et al. 1991; Montain & Coyle, 1992a, 1992b, 1993; 
Coyle & Montain, 1992). Thermal sweating can be compromised through reductions in skin 
blood flow. (Nadel, 1985). If  excessive water is lost through sweating, hypovolemia secondary to 
dehydration may occur. Baroreceptor reflexes work to correct hypovolemia by increasing skin 
vasculature resistance and reducing SkBF (Joshnson et al., 1974; Mack et al., 1988), which 
results in decreased sweating and increased heat storage. Also, raising extracellular osmolality 
and or sodium concentrations (Fortney et al., 1984, Greenleaf et al., 1976; Nielsen, 1973, 1974; 
Nielsen et al., 1971), reductions in blood volume (Fortney et al., 1981b, 1983; Nadel et al.,
1980), and reduced cardiac filling (Gaddis & Elizondo, 1984; Rowell et al., 1966) can impair heat 
dissipation during exercise heat stress. Isotonic hypovolemia also reduces the sensitivity of the 
sweating response, increases the threshold core temperature for the onset o f the sweating 
response, and increased the threshold core temperature for the onset of cutaneous vasodilaiton 
(Fortney et al. 1981). Therefore, increasing levels of dehydration lead to progressive 
hyperthermia in the heat (Nadel, 1985). For example, Ekblom et al. (1970) observed that a water 
deficit of 1% body weight elevates core temperature during exercise. Sawka et al. (1985b) 
reported that core temperature increased -0.15 °C for each percent decrease in body weight. 
Sawka & Pandolf, (2001) reported an -0.20°C rise in core temperature for each percent decrease 
in body weight under a variety of field and laboratory conditions. The authors also concluded 
from a review of several studies on the relationship between hypohydration and elevation in core 
temperature that exercise intensity and environmental conditions modify the magnitude of core 
temperature elevation associated with hypohydration.
Effect of Heat Stress on Maximal Oxygen Uptake 
Most investigators have observed maximal oxygen uptake to be reduced when working in hot 
environments as compared to temperate environments (Klaussen et al., 1967; Rowell et al., 1969; 
Pimay et al., 1970 Saltin et al., 1972; Sawka et al., 1985). For example, Nybo et al. ( 2001) 
observed that marked hyperthermia [T^ =38.5 (0.2)] with 4% dehydration or without dehydration
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drastically reduce V 0 2max in trained cyclist wearing a water perfused jacket on a cycle
ergometer. V02max (L-min"') was significantly lower when the subject was hyperthermic for both 
the euhydration (normothermic 4.74± 0.21vs. hyperthermic 3.99+ 0.18) and dehydration 
(normothermic 4.47± 0.12 vs. hyperthermic 3.96+ 0.12) conditions. Fewer authors report no 
difference (Rowell et al., 1965; Williams et al., 1962).
Effects of Heat Stress on Oxygen Uptake 
Oxygen consumption has been reported to be higher (MacDougall et al., 1974; Nielsen et al., 
1990; Young et al., 1985; Galloway & Maughan, 1997), lower (Febbraio et al. 1994a; Young et 
al., 1985), or not different (Hargreaves et al., 1996; Febbraio et al., 1994b; Rowell, 1974) during 
work in the heat without protective clothing. For example, Hargreaves et al. (1996) required 
subjects to cycle far 40 minutes at a workload requiring 65% peak pulmonary oxygen uptake
( VO^peak) on two separate occasions cool (20°C) and hot (40°C ). No differences in oxygen 
uptake were observed between trials at any time point, despite significantly different rectal 
temperatures Tre^xd 38.2 ± 0.2, T r ^  39.1 ± 0.2. In contrast, Galloway & Maughan (1997) 
observed a significant inverse relationship (P<0.01) between oxygen consumption and ambient 
temperature for subjects cycling in the heat and lightly clothed. Four ambient temperatures were 
used ,mean(sd): 3.6 (0.3), 10.5 (0.5), 20.6 (0.2), and 30.5 (0.2) °C with a relative humidity of 70 
+/- 2% and an air velocity of ̂ proximately 0.7 m/s.
Effect of Heavy Prolonged Exercise
VOz has been previously observed to increase during prolonged, submaximal, constant rate 
exercise (Casaburi et al., 1987; Epstein et al., 1984; Heigenhauser et al., 1983; Nagle et al., 1970; 
Rowell et al., 1969; Saltin & Stenberg., 1964), in the heat (MacDougall et al., 1974; Bassett et al., 
1987; Galloway & Maughan, 1997; Hamilton, 1991) and during prolonged exercise and in 
thermoneutral conditions (MacDougall et al., 1974). This phenomenon has been referred to as
VO2 drift (Casaburi et al., 1987; Kalis et al., 1988; Westerlind et al., 1992) and more recently as
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the slow component of VO2 kinetics (Gaesser & Poole, 1996; Yano et al., 2001). The slow 
component o f O2 kinetics has been mostly identified in cycle ergometer tests, and is typically 
defined as the continued rise in VOzbeyond the third minute of exercise (Gaesser & Poole 1996). 
VO2 driA has been observed in lighfiy clothed subjects during exercise in thermoneutral
conditions. Bassett et al. (1987) observed VO2 to increase 6.6 - 8.7 % during 90 minutes of 
treadmill running at 60% VOzmax in a 29.5 °C, 33-66% r.h. environment. In a study by Hamilton et
al. (1991) subjects cycled on two separate occasions at 70-76% VOzmm in a 22°C room with or
without fluid replacement that matched sweat rate. VOz increased 5-7% over 100 minutes.
Several studies have also observed a gradual rise in VOz during treadmill walks while 
carrying loads in backpacks (Gordon, Goslin, Graham, & Hoare , 1983; Epstein et al., 1988; 
PaAon et al., 1991). For example, subjects in Epstein et al. (1988) walked on a treadmill at 1.25
m/s and 5% grade for 120 minutes on two separate occasions wearing either 25 or 40 kg 
backpack loads. The loads were 37.4 and 59.8% of body weight. While carrying the 25 kg load,
the average relative work intensity was 45.5 ± 0.6% VO?m». At 20 and 120 minutes of walking,
with the 40 kg load the relative work intensity was 52.1± 0.6 and 56.2 ± 0.6 % VOzmm- Further
evidence for load carriage resulting in VOz drift is found in the study by Patton et al. (1991). 
Subjects walked a fixed distance (12 km) at 1.10, 1.35, 1.60 m/s, unloaded, or with 31.5 and 49.4 
kg (40.8 and 64% of bxxly weight) in a US Army rucksack. Time to complete the 12 km at each
speed was 212,168 , and 145 mins. VOz drift was not observed for any of the unloaded 
conditions at any speed. The 31.5 and 49.4 kg loads produced significant increases (ranging from 
10 to 18%) at the two fastest and at all three speeds respectively. Oxygen uptake increased over
time at exercise intensities as low as 26.5% V02max. In studies that have demonstrated no VOz 
drift during load carriage using both light (5.4 and 10.4 kg), Holewijn (1990) and apparently 
heavy loads (38 and 50 K.g), Sagiv et al., (1994), the relative aerobic costs have been lower.
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between 22 and 32% VO?n,.,. than the relative oxygen costs observed in studies that have
observed V O; drift where the % VOzma% has been closer to or in excess of 50% VOzm»
Fatigue
Davis & Bailey (1997) have defined fatigue is an acute impairment of exercise performance that 
includes both an increase in the perceived effort necessary to exert a desired force or power 
output and the eventual inability to produce that force or power output. Fatigue may be classified 
as central or peripheral (beyond the neuromuscular junction) and may involve impairments in 
excitation of motor cortex centers, excitatory drive to motor neurons, motor neuron excitability, 
neuromuscular transmission, sarcolemma action potential transmission, t-tubular action potential 
transmission, Ca^^ release ftom the sarcoplasmic reticulum, cross-bridge cycling, and energy 
turnover rate at various sites (Sejersted & Sjogaard, 2000). Furthermore, central fatigue may be 
affected by neurotransmitters (serotonin, dopamine, and acetylcholine) and neuromodulators 
(ammonia and cytokines) that change with exercise (Davis & Bailey, 1997). Heat stress may also 
induce fatigue. It is well known that during exercise in the heat, attainment of a critically high 
core temperature has been observed to result in fatigue during exercise in a hot dry environment 
(Nielsen et al., 1993) and while wearing protective clothing (Gonzalez-Alonso et al, 1999b; 
Cheung & McLellan, 1998a) and approaching 40°C for endurance-trained subjects (Nielsen et al., 
1993; Nielsen et al., 1997).
Effect of Fatigue on Gait and Movement Economy 
Fatigue, either central or peripheral may inter&re with normal gait mechanics. Altered gait 
biomechanics may perturb movement economy and increase oxygen consumption per unit of 
work. Candau et al. (1998) observed running mechanics and oxygen costs to change during runs 
to exhaustion. Changes in the energy cost of running were linked (r = 0.77, P < 0.01) to the 
changes in the variability of step ft-equency. Oxygen consumption (ml-kg'^-min"') increased 
significantly p<0.001 (5.0%) from 59.7 (4.03) ml kg 'min"^ m the non-fatigued state to 62.7 (3.8)
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ml kg '-min"' in the fatigued state. Brueekner et al. (1991) also observed an increase in the energy 
cost of miming in the fatigued state as compared to the non-fatigued state.
Progressively increasing oxygen costs as a percentage of VOzpeak w o *  with constant 
load work may be problematic for work in hot environments in two ways. A positive feedback 
loop may be created, where progressively decreasing movement economy may drive up energy 
cost and increasingly difficult work may accelerate fatigue. For example, if  the individual begins
work at some level below the anaerobic threshold, say 55% VOzpe*, then as work becomes 
progressively harder due to deteriorating movement economy, the relative oxygen costs rise to
65% VOzpeak- The work may now more rapidly lead to fatigue as the individual more rapidly 
accumulates lactic acid, and experiences a decrease in blood pH. An increases in work rate 
(metabolic rate) during the fatigued state by a decrement in movement economy may lead to a 
more rapid increase in Ti«c- The rate of rise in T^c, under a variety of conditions is dependent 
upon metabolic rate.
Competition Between Muscle and Skin 
At heavy work rates in the heat, there is a competition between the active contracting skeletal 
muscle and skin for blood flow (Johnson & Park, 1981). Since blood supply to the muscle takes 
priority over blood flow to the skin, skin vasoconstriction occurs reducing heat dissipation from 
the skin (Smolander et al., 1987). During heavy work in the heat, blood flow may also be 
decreased in other tissues; non-exercising muscle, organs supplied by splanchnic circulation. 
Direct local heating and a change in posture can also alter skin blood flow (Johnson, 1992; 
Rowell, 1972). Therefore prolonged heavy work during firefighting (Barnard & Duncan, 1975; 
Kurt & Peters, 1975; Sothmann et al., 1992) and dehydration due to thermal stress during fire 
fighting (Lusa, et al., 1993; Luhevaara, 1994; Smith, et al., 1996, 1997,1998, 2001; Romet & 
Frim, 1987) may create a situation where skin blood flow may be compromised leading to 
increased thermal strain.
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Effect of Ambient Temperature and Exercise Intensity on Core Temperature 
Some authors have suggested that rectal temperature is independent of the external environment 
across a range of temperatures (Robinson, Turrell, & Gerking 1945; Wyndham, Morrison, & 
Williams, 1965; Gonzalez, Berglund, & Gagge, 1978; Nielsen et al., 1997). Other studies have 
demonstrated a dependence of rectal temperature on environmental conditions (Lind, 1963; 
Goldman et al, 1965; lampietro, & Goldman, 1965, Galloway & Maughan, 1997). And some 
have suggested that the level of rectal temperature is dependent upon the metabolic rate (Nielsen 
& Nielsen, 1962, as cited in Blatteis, 1998) and the relative intensity (Saltin & Hermannsen,
1966). Sawka and coworkers (1993) proposed that whether or not rectal temperature is 
proportional to exercise intensity depends upon whether the individual is exercising within the 
prescriptive zone, an efiective temperature between 10 and 25 °C as was demonstrated by Lind in 
1963.
Effect of Gender on Thermoregulation 
Many authors have concluded that men and women differ in responding to heat stress due to 
differences in surface area to mass ratio (Nunneley, 1978), aerobic fitness and percent body fat 
(Dill et al., 1977, Shapiro, 1980). Menstrual cycle phase (Avellini et al., 1980; Hessemer &Bruck, 
1985a, 1985b; Kolka, 1989) and oral contraceptive use (Charkoudian & Johnson, 1997; Grucza, 
1993; Rogers & Baker, 1997) have been suggested as reasons for thermoregulatory differences 
between men and women. Fox (1969) concluded that the differences in men and women's 
response to heat stress are comparable to those found within men that are or are not heat 
acclimated. Further, liAle difference in thermoregulation between gender is found if  individuals 
are matched for fitness, body fatness, and or surface area to mass ratio (Sawka, 1983; Avellini, 
1980; Frey, 1981)
Effect of Age on Thermoregulation 
Pandolf (1995) and Kenney (1997) have reviewed literature on the effect of aging on 
thermoregulation. Both have concluded that the decline in aerobic fitness, rather than the aging
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process per se, is responsible for differences in thermoregulatory responses o f older adults 
compared with young adults. Gisolfi & Mora (2001) also proposed that deficits in heat tolerance 
and thermoregulatory function among the aged are most probably attributed to differences in 
physical fitness, heat acclimatization, and body composition changes that accompany aging.
Effiect of Aerobic Capacity on Thermoregulation 
Some studies have shown that the core temperature at a given absolute work rate is inversely
related to (Armstrong & Pandolf, 1988; Shvartz et al., 1977). Shvartz et al. (1977) 
concluded that at the end of 3 hours of exercise in a hot environment the Tree (in °C) of young
men could be predicted from VOznia* (in ml kg '-min ') by the equation:
Tree — 40.1 5 — (0.03 • VOzmax r ~  ■ 0-65 
Other authors (Gisolfi, 1973; Drinkwater et al, 1976) have found no consistent relationship
between Tn« and the absolute Vo?n,« and or have found that Tc is more closely associated with
relative exercise intensity, expressed as a percentage of VOzmax (Drinkwater et al, 1976; Davies 
1976; 1979a; 1979b; Saltin & Hermannsen, 1966). Aoyagi et al, 1997 proposed that gains in
VOzmax induced by physical training do not improve heat-exericse tolerance unless there are 
significant elevation in core temperature during training sessions (Avellini et al., 1982; Gisolfi & 
Cohen, 1979; Pandolf, 1979).
Pandolf et al. (1988) compared responses of young and middle aged men to heat exercise 
stress. The two groups were matched for aerobic capacity, yet differed in age (21.2 vs. 46.4 years) 
and running distance (7.7 vs. 38.8 km/wk). During the first few days of acclimation the middle 
aged men had lower final values for T^, Tsk, and HR, higher sweat rates, and longer tolerance
times. The author concluded that VOzmax could not be responsible fbr the différences, rather it 
was the level of weekly physical training. Therefore, an individual's physical training history may
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be more valuable in predicting tolerance of work in a hot environment than knowing that person's
V  Ozitiax-
Gisolfi and coworkers (1977), made similar conclusions by comparing distance runners 
and trained college students, VOzm., values (62 vs. 60 ml kg 'm m  '). During a 100 minute 
standard heat-exercise tolerance test, the distance runners maintained significantly lower T,, and 
HR than the college students (Gisolfi, Wilson, & Claxton, 1977).
Effect of Body Composition on Thermoregulation 
Body composition has been cited as a factor that may modify an individual's tolerance of work m 
the heat. (Burse 1979, Buskirk, Haymes et al., 1975). Heat storage changes with percent body fat. 
Havenith (1985) has suggested that the observed effect of body fatness on tolerance of heat stress 
may have been in part a result of differences in fitness between subjects. In the heat, the 
insulating fat layer does not impede heat dissipation from the body core to the body surface; 
blood flow bypasses the fat layer (Burse, 1979). However, in 1990, Havenith and Middendorp, 
observed that percent body fat had a relatively larger influence on heat storage as compared to
fitness ( VOz^ax ). Further, bx)th aerobic fitness and body fàt have b)een observed to independently 
affect tolerance of exercise-heat stress with high aerobic fitness and low body fatness being 
advantageous (Selkirk & McLellan, 2001).
Pathophysiologic Efiects of Heat Stress 
Increases in core temperature can result in iUness and death (Shibolet et al., 1967). A range of 
heat related illnesses are possible. Risk of death is related directly to peak temperature and 
duration o f exposure. Heat syncope, heat cramps, heat exhaustion, and heat stroke have been 
described in medical texts (McCance &Hurther, 1998; Guyton & Hall, 2000). Rectal 
temperatures commonly cited as thresholds fbr heat stroke range from 40 to 40.6°C (McCance & 
Hurther, 1998; Guyton & Hall, 2000; Leithead & Lind, 1964). However, some evidence suggests 
higher core temperatures can be tolerated. Pugh et al. (1967) measured rectal temperatures in
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marathon runners. The rectal temperatures of the 1 ,̂ S"', and 4"" place finishers were; 41.1,40.5, 
and 40.2 °C respectively. In another study by Maron and coworkers (1977), a marathon runner 
maintained a core temperature between 41.6 and 41.9 °C fbr the last 44 minutes of a race without 
sustaining thermal injury. Some authors also suggest that heat stroke may occur at core 
temperatures lower than 40.0°C. Studies in the rat have shown that the threshold temperatures 
fbr lethal heat injury can actually be lowered by acute exhaustive exercise (Hubbard, 1977).
Effect of Heat Stress on Cognition 
Cognitive performance has been observed to be impaired during heat stress (Wyon, Andersen & 
Lundquist, 1979; Curley & Hawkins 1983; Sharma, Pichan & Panwar, 1983; Tananka et al.,
1987; Cian et al. 2001). Furthermore, any increase in psychological strain, or impairment may 
increase an individual's risk of having a mishap (Enander & Hygge, 1990; Hancock, 1982). This 
risk may be especially high during work in emergency settings while wearing protective clothing. 
Reduction in the perception o f thermal and exercise stress may be related to a decrease in 
psychological strain, and impairment, and serve as a viable countermeasure fbr mitigating the risk 
of a mishap due to cognitive error.
Cardiovascular Responses to Heat and Work 
It is well known that heart rate is linear with exercise intensity. During prolonged whole body 
rhythmic exercise that is submaximal, a substantial portion o f energy is a result of aerobic 
metabolism. Therefore oxygen delivery must increase to the contracting skeletal muscle with
increasing work. To meet the oxygen demands of the muscle (VOz), both the aterial venous
oxygen difference (a- v )0 z  diff and cardiac output (Q )  may increase. Increases in Q are a result
of both increases in stroke volume (SV) and heart rate (HR). These relationships are well defined
by the Fick Equation: VOz = Q x (a- v  )0 z  diff  ̂and the equation () = SV x HR. Therefbre, the
rise in heart rate during work is proportional to work.
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It is also generally accepted that, in response to work, heart rate should increase and then 
level off within the first three minutes of constant load work below the gas exchange threshold 
(Riley & Cooper, 2002). An increase in heart rate beyond the ai^ustments made withing the first
three minutes with a heavy (70-80% VOzmn) constant external work is part of a phenomenon 
known as cardiovascular drift. This includes a gradual decrease in stroke volume (SV) and a 
progressive reduction of arterial, pulmonary arterial, and right ventricular end-diastolic pressures 
(Rowell, 1974). While stroke volume decreases progressively during prolonged upright exercise 
in temperate conditions, heart rate increases to maintain cardiac output. (Ekelund & Holmgren, 
1967; Saltin & Stenberg, 1964).
Several mechanisms may work to reduce stroke volume during exercise in the heat. 
Previous research has observed that stroke volume may be reduced by pooling of blood in the 
periphery due to upright exercise (Bevegard et al., 1963; Frangolias et al., 2000), and upright 
posture (Gauer & Thron, 1965; Sherwood et al., 1998). During exercise in the heat, stroke volume 
may be reduced by redistribution of a blood flow to the periphery by increased skin blood flow 
(Rowell, 1986). In the present study subjects wore protective clothing which is known to interfere 
with heat fluxes between skin and the environment (Gonzalez R, 1988; Holmer, 1995; Shitzer & 
Chato, 1985). Rectal temperature increased from 37.08 (0.28) to 38.06 (0.28) and Tsk increased 
ftom 34.4 (0.47) to 37.6 (0.29). Increases in both core and skin temperature are known to result in 
dilation of superficial veins which lie in the cutaneous tissue and skin (Webb-Peploe & Shepherd, 
1968; Wenger & Roberts, 1980, as cited in Sawka and Wenger 1988 ). Additionally, heating the 
skin by the environment may cause a direct vasodilator effect on the cutaneous blood vessels by 
1) interfering with contractile responses of vascular smooth muscle by changing the affinity of «2 
adrenergic receptors fbr norepinephrine and other constrictor agonists (Johnson et al., 1986) 
and/or 2) local heating causing vasodilation independent of neural control (Wenger, Stephenson 
& Durkin, 1986, as cited in Sawka and Wenger 1988). These changes result in increased skin
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blood flow up to a plateau at or above a core temperature of -38°C (Brengelmann et al., 1977; 
Nadel et al., 1979; Savard et al., 1988; Taylor et al., 1984; as cited in Pawelczyk, 2001). Since 
both Tre and Tsk increased and Tre was elevated to 38.06 (0.28) skin blood flow may have been 
maximal or near maximal values, and the high skin blood flow may have reduced stroke volume 
and cardiac ouput, and a compensatory increase in heart rate.
Heart rate may also increase in response to thermal stress. An increase in body 
temperature may contributed to part of the increase in heart rate during prolonged exercise in the 
heat (Rubin, 1987). Futhermore, body water loss may have contributed to the increased in heart 
rate by lowering myocardial preload, and reducing stroke volume. When stroke volume 
decreases, heart rate increases to maintain cardiac output.
Blood volume, venous return, and stroke volume (SV) may also be compromised by 
thermal sweating, dehydration, and/or hyperthermia (Rowell et al, 1966; Gonzàlez-Alonso et al., 
1995,1997, 1998,1999a, 2000). Alternately, the declince in SV during prolonged exercise is 
induced by an increase in heart rate (Fritzsche et al, 1999; Johnson, 1987). By decreasing 
ventricular filling time (Sheriff et al., 1993) heart rate can decrease end-diastolic volume and SV 
(Bevegârd et al., 1967; Ross, Lindhart, & Braunwald, 1965; Sheriff et al., 1993). Therefbre, in 
accord with the proposal of Gonzalez-Alonso et al. (2000), the assumed reduction in SV in the 
present study is most likely dependent on an interactions of several factors, and the observed 
increase in Tsk, Tre, skBF, and dehydration were all at least in part responsible fbr reducing SV 
and/or increasing heart rate.
Whether or not decreases in SV and an associated reduction in cardiac output (Q )  occur 
during exercise in the heat and compromise perfbrmance is unclear. In 1940, Asmussen (as cited 
in Rowell, Marx, Bruce, Conn, & Kusumi, 1966) observed lower during prolonged walks 
(8.6% grade, 3.5 m hr '), in the heat (30.6°C db, 27.6°C wb) as compared to control values at 
22 °C. Reductions in Q have also been observed during short duration work in the heat. During
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15 minutes of incremental treadmill walks (3.5 m hr ', increasing grade (7.5 to 15%), Rowell et 
al. (1966) observed SV, () , and CBV to be 20 ml, 1.0-1.2 L min 0.1-0.2 L lower in subjects
exercising at 50-73% in a 43 °C as compared with a 26 °C environment. Gonzàlez-Alonso
et al. (1999) also observed significant reductions in Q (2.2 L-min"') with reductions in SV during
31 ± 4 minutes of cycle ergometer exercise (60% in the heat (40°C). However during
more prolonged work in the heat (25-60 minutes) others have observed no reduction in cardiac 
output during hyperthermia with peak skin blood flow (Nielsen et al., 1990; Savard et al., 1988). 
Savard et al. (1988) and Nielsen et al. (1990) examined the influence of skBF on cardiac output
during exercise at 20-25% and 70 (range 62-80)% V02m« respectively.
Changes in Q in response to walks in the heat while wearing NBC protective clothing 
have had equally mixed results. Cheung et al. (1988) observed that although SV decreased during 
exercise when subjects were hypohydrated, walking on a treadmill at an intensity (5 km- h ',
5±7% grade), while wearing NBC protective clothing in the heat, heart rate compensated and 
was maintained. However, Latzka et al. (1998) observed significantly lower Q during treadmill
walks at 55% fbr 29-33 minutes.
Measuring Core Temperature 
Although it would be preferable to measure the temperature o f mixed venous blood in the right 
ventricle (T^r) or pulmonary artery (T pJ, where the tendency of the thermal state of the body to 
change shows within seconds, physiologists are most often limited to non-invasive techniques 
(Brengelmann, 1987). Brengelmann (1987) suggests that the temperature that is most related to 
internal temperature, and that provides the input to the hypothalamus should be measured. 
(Brengelmann, 1987). The temperature observed varies with the site at which it is measured. 
Common sites fbr measuring body temperature are; esophageal (Tg,), rectal (Tree), oral (T»), 
tympanic (Tty), ear canal (T ^ ), and bladder (Tqb). Each site has its own problems or advantages as
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described below. Esophageal temperature is thought to be one of the best non-invasive measure 
of core temperature. Esophageal catheters can be placed through either the nose or mouth. 
Gagging during catheter insertion can make insertion difficult fbr the subject. The apparent T^ 
varies with depth of insertion of the probe (Brengelmann, Johnson, & Hong, 1979; Caputa, 1980; 
Cranston, Gerbandy, & Snell, 1954, as cited in Brenglmann, 1987). The target depth fbr insertion 
is that which places the tip of the catheter at the level of the heart. Higher temperatures and longer 
response times are seen when the probe is inserted too deep (Brengelmann, Johnson, & Hong, 
1979; Nielsen & Nielsen, 1962, as cited in Brengelmann, 1987). If not inserted deep enough, 
lower temperatures are observed due to the cooling effects of ventilation. Anatomical landmarks 
may be used to aid placement however, small, flexible catheters can become kinked or bent 
within the esophagus (Brengelmann, 1987). Esophageal temperatures may be affected by 
swallowing (Brown & Williams 1982; Hessemer, Langusch, Bruck, Bodeker, & Breidenbach, 
1984; Livingstone et al., 1983, as cited in Brengelman, 1987)
Rectal temperature is measured by placing the probe 8 to 10 centimeters past the anal 
sphincter. Although T^c is in some cases easier to measure than T e s ,  changes in T ^ c  occur at a 
slower rate than as seen in measures ofTg (Cranston et al., 1954; Eichna et al., 1951; Cooper & 
Kenyon, 1957, as cited in Brenglemann, 1987). Lower levels of blood flow to the rectum have 
been cited as a cause fbr this.
Brengelmann (1987) reported that Gerbrandy et al. (1954) observed Ta and Tor to differ 
by no more than 0.09 °C, and Mairiaux et al. (1983) observed even better relationships between 
Tes and Tor in exercising, hyperthermic men. The site fbr placement is the sublingual sulcus. 
Brengelmann (1987) went on to caution that time should be allowed fbr equilibration after the 
mouth has been opened, that as with T^ or Tty, cooling the head can reduce oral temperature 
below Tes, and that oral temperatures may also be affected by drinking, eating, and mouth 
breathing.
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Brengelmann (1987) critically reviewed the usefulness of tympanic temperature and 
called it questionable. The author explained that T,y may be contaminated by the temperature of 
blood returning from the head and face, and that placement is a problem. Brengelmann (1987) 
pointed out that the technique of Benzinger (1969) requires the probe to touch the tympanic 
membrane which can cause pain and trauma. If the probe does not touch the tympanic membrane, 
the measure is of the ear canal (T^). Although advances in measuring T,y have occurred 
(Shibasaki et al., 1998) Tty is not widely accepted as a valid measure of internal core temperature 
(lessen & Kuhnen, 1992) because Tty is affected by a decrease in skin temperature resulting from 
facial cooling or fanning (McCafhey et al., 1975; Nielsen, 1988; Shiraki et al., 1986).
Effect of Body Position on Core Temperature 
Generally, lying down induces a drop in Tre that lasts -2  h (Sindrup, et al., 1991; Tikuisis & 
Ducharme, 1996). When a person lies down, the rise in cutaneous blood supply accelerates the 
return of cooled venous blood ftom the legs, resulting in an enhanced core cooling through 
convective heat exchange, which leads to a decrease in core temperature (Tikuisis & Ducharme, 
1996). Thus a fall in Tre after lying down can be attributed to heat loss by that follows increased 
skin blood flow (Tikuisis & Ducharme, 1996).
Effect of Circadian Rhythm on Core Temperature 
Resting body temperature is not constant throughout a 24 hour period. It exhibits a circadian 
rhythm, with the highest levels occurring during the middle to end of the day and the lowest 
levels during sleep. (Aschoff, 1947; Halberg, 1959; Simpson & Galbraith, 1905 as cited in Stitt, 
2001). Resting core temperature can vary by 0.5 °C form early morning to mid afternoon due to 
circadian rhythm effects (Krauchi & Wirz-Justice, 1994).
If the core temperature tolerated at exhaustion does not show a similar circadian 
variation, higher resting core temperatures in the afternoon should reduce tolerance time. 
However, McLellan and cowoikers (1999) observed an increased Tree tolerated at exhaustion in
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the aAemoom that offset the circadian influence on resting Tree. This resulted in tolerance time 
being similar during morning and afternoon trials.
The effects of heat acclimation on subsequent responses to heat may be most apparent 
during the time of day when the heat acclimation occurred. In 1999, Shido and coworkers 
investigated the effect of heat acclimation on resting T ^ , and the sweating response (latency) 
when the time o f day differed between heat acclimation and subsequent testing. In one 
experiment, rectal temperatures of six subjects was measured over 24 h at a Ta of 27°C before 
and after heat acclimation. Heat acclimation significantly lowered rectal temperature only 
between 1400 and 1800 hours, the same time of day heat acclimation was acquired. In the second 
experiment the rectal temperature and sweating rates at the forearm and chest were measured 
before and after heat acclimation. Measurements were made in the morning (0900-1100) and 
afternoon (1500-1700) on the same day before and after heat acclimation. Heat acclimation 
shortened the sweating latency and decreased the threshold Tree for sweating. However, these 
changes were significant only in the afternoon (Shido et al. 1990).
Heat Acclimatization / Acclimation 
Heat acclimation begins on the first day of exposure to work and heat, and progressed rapidly 
over the next 2 to 4 days, and is virtually complete within 10 days (Eichna et al., 1945). 
Approximately 80% of the improvement in temperature regulation seen during dry-heat 
acclimation occurs during the first 7 days (Robinson et al., 1943), with cardiovascular preceeding 
thermoregulatory adaptations adaptations (Bass, 1963) during heat acclimation. Cardiovascular 
adaptations are responsible fbr fewer syncopal events after the first day of exposure (Eichna et 
al., 1945). The time course fbr acquiring heat acclimation was similar fbr hot-dry and hot-humid 
environments (Robinson et al., 1943 and Eichna et al., 1945). Additionally, an inverse 
relationship exists between physical fitness and time to acclimate (Robinson et al., 1943 and 
Eichna et al., 1945, Bean WB, Eichna LW, 1943). Physiologic adaptations to heat were defined
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by these studies and included: reduced heart rate, lowered skin and rectal temperatures, in some 
cases enhanced sweat response, and overall improved tolerance of exercise-heat stress (Robinson 
et al., 1943 and Eichna et al., 1945, Bean & Eichna, 1943)
Although constant heat exposure throughout the day and night (Bean and Eichna, 1943) 
to heat is not necessary to develop heat acclimation, exposures of between 30 and 100 minutes on 
consecutive days have been shown to induce heat acclimation. (Lind and Bass, 1963; Gill and 
Sleivert, 2001). It is also well known that resting in heat can provide some acclimation to heat 
(Robinson et al., 1943; Eichna et al., 1945), and intense physical training can partially 
preacclimatize individuals, full acclimation requires at least short periods of daily physical 
exercise (1 to 1.5 hours /day) in the heat. (Robinson et al., 1943 and Eichna et al., 1945; Piwonka, 
1967; Strydom et al., 1966; Armstrong and Pandolf^ 1988; Pandolf^ 1979).
The early woik of Lind and Bass determined that continuous 100 minute daily heat 
exercise exposures is optimal fbr induction of heat acclimation (Lind & Bass, 1963). Gill & 
Sleivert (2001) investigated the effect of intermittent versus daily exercise-heat exposures on heat 
acclimation. Competitive rowers completed either a consecutive (10 consecutive days) or 
intermittent acclimation group (10 sessions over 3 weeks). For every heat exposure, subjects in
each group exercised fbr 30 min at 70% V02pak in an environmental chamber set at 38 degrees C 
and 70% relative humidity. Gill and Sleivert found that minimal adaptation occured with 
intermittent heat exposure. Daily heat-exercise exposure was again confirmed to be the most 
effective acclimation strategy.
An interaction exists between the heat-exercise exposure time and intensity fbr the induction 
of heat acclimation (Lind & Bass, 1963). In a review of the time course of heat acclimation, 
Pandolf (1998), suggested that heat acclimation can usually be achieved by perfbrming mild to
moderatre (25-50% VOzmax) exercise in a hot environment 2-4 hours/day fbr 5-14 days. (Pandolf 
1998). Heat acclimation may also occur by working at higher work rates with shorter duration
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work periods as compared to the recommendations of Lind and Bass (1963). Gili and Sleivert, 
2001 were able to induce heat acclimation by requiring competitive rowers to work for 30 min at
70% VOzpeak in an environmental chamber set at 38 degrees C and 70% relative humidity. Also, 
in 1990 Houmard and coworkers compared the effect of heat acclimation using heat-exercise 
bouts of either 50% of VOzmw for 60 minutes or 75% of VOzma* fbr 30-35 minutes in a 
environmental chamber at 40 °C and 27% rh. The final HR and Tree during post tests was 
significantly reduced fbr both protocols with no difference between protocols (Houmard et al., 
1990).
The effects o f training and heat acclimation are difficult to separate (Strydom et al.,
1966). Many investigators have observed relationships between physical training and tolerance of 
heat. These relationships exist on several different levels. Relationships exists between maximal
aerobic capacity, the relative intensity of the work (as a percentage of VOzmax) (Astrand, 1960, 
Saltin & Hermansen, 1966) and core temperature responses during a heat-exercise stress (Shvartz 
et al., 1977).
Intense daily exercise may result in elevations in Tree, even in a cool environment. These 
daily elevations in Tree may result in heat acclimation. Piwonka et al. (1965) suggested that the 
preacclimatized state of trained men probably resulted fbrm daily elevations of central 
temperature during strenuous workouts. However, Piwonka & Robinson (1967) also observed 
subjects that had appeared to be preacclimatized and respond well to a 40°C db, 23.5°C wb 
environment to demonstrate adaptation to a more severe heat (50C db, 28C wb). Subjects walked 
on a treadmill wearing gym attire. Over 4 days. Tree HR and Tsk were lower, and tissue 
conductance and SR were higher.
Long term aerobic fitness training and a high VOzmaxhave been cited as a factors 
predicting longer tolerance of work in CHS (Armstrong & Pandolf) 1988; Shvartz et al. 1977; 
Cadarette et al. 1984) and UHS (Cheung & McLellan 1998; Cheung & McLellan 1999; McLellan
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2001). During heat stress in UHS endurance trained individuals generally begin with lower 
starting Tre and tolerate higher Tre at exhaustion, therefbre having a wider ATre, and tolerance 
time (McLellan 2001). Through daily elevations in Tre endurance trained subjects may also have 
training adaptations that improve physiologic function in the heat; larger plasma volumes, greater 
sweat rates, and be more familiar with discomfbrts of exercise in the heat
Shvartz et al., 1977 observed correlations of r = -0.65, and r = - 0.62 fbr the relationships
between rectal temperature and VOzmax after 3 hours of exercise (41W) in the heat (39.4°C db 
and 30.3 °C wb) and after 1 hour of exercise (41W) at 23 °C db and 16°C wb.
These relationships may exist because either the high fit subjects train at high aerobic levels, and 
therefbre have daily elevations in core temperature, and/or have a larger cardiac output to meet 
the dual challenges of muscle metabolism and skin blood flow during heat stress.
Trained individuals may acclimate faster (Cohen & Gisolfi, 1982. The rate of heat
acclimation may be in part dependent upon the individual's maximal aerobic capacity ( VOzmax )- 
Subjects attained stable plateau in HR and Tree responses after HA in 4, 6, 8 days with maximal 
aerobic capacities of 60, 50, 40 ml/kg/min respecitively (Pandolf et al., 1977). Short (6-9 day) 
heat acclimation programs have had either no effect (Febbraio 1994; King et al., 1985; Kirwan et 
al., 1987; Febbraio et al., 1994b) upon individual's maximal aerobic capacity, or the effect has 
been relatively small, + 4.0% (Sawka, 1984). These studies used are variety of untrained, trained, 
and medium to high fit subjects. It is well accepted that intense training in a cool environment 
may result in partial acclimatization to work in the heat. (Eichna et al., 1945, Robinson et al.,
1963 Piwonka et al, 1965; Strydom et al., 1966; Gisolfi, 1969; Gisolfi, 1973; Gisolfi & Cohen, 
1979, Cohen & Gisolfi, 1982; ). The proposed mechanism fbr similarities between training and 
heat acclimation is a daily elevation in core temperature resulting from intense exercise in cool 
conditions (Marcus, 1972). The mechanisms proposed as being responsible fbr the cross tolerance 
between physical training and exercise in the heat are plasma volume expansion (Convertino et
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al., 1991 ; Holmgren et al., 1960), increased sensitivity of the sweating mechanisms, a downward 
shift of the sweating threshold to a lower body temperature (Hessemer et al., 1986; Nadel et al., 
1974; Roberts et al., 1977), and a lowering of the threshold fbr vasodilation of skin vasculature 
(Roberts et al., 1977)
Dominant Adaptations Depend on Phases of Heat Acclimation 
Different heat acclimation adaptations dominate at different times. During the early stages of heat 
acclimation, reduced cardiovascular strain is usually observed as a reduced heart rate within 3 to 
6 days while thermoregulatory adaptations may require up to 14 days to be maximized 
(Armstrong & Maresh, 1991). For example, maximal changes in the sweat response have been 
shown to require up to 2 weeks of daily heat exposure to be complete (Armstrong, Maresh, 1991; 
Pandolf, Burse, & Goldman, 1977)
Heat Acclimation in Hot Wet and Hot Dry Climate 
Some investigators have observed differences in sweat rate, body temperature, and heart rate 
when heat acclimation has been performed in hot wet or hot dry environments.(Fox et al., 1967; 
Garden et al., 1966; Gonzalez et al., 1974; Henane, 1980; Shvartz et al., 1973). Suboptimal 
tolerance of heat exercise stress when the heat acclimation program and the heat-exercise test 
have been perfbrmed in environments with different levels of water vapor (Fox et al., 1967; 
Shvartz et al., 1973).
Heat Acclimation by Wearing Vapor Barrier Suits 
Sweat clothing, or clothing that is semi, or impermeable to water vapor has been used to induce 
heat acclimation in cool environments (Allan & Haisman., 1964; Allan et al., 1965; Dawson et 
al., 1989; Gisolfi et al., 1977; Marcus, 1972). The benefit in using sweat clothing is ft)und in its 
ability to impose high levels of thermal strain, similar to participants who exercise in the heat 
(Dawson, 1994)
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Effect of Heat Acclimation on Core Temperature at Rest 
Acclimation to heat given for a few hours per day for more than 9 days has been shown to lower 
the resting body core temperature (Buono et al., 1998; Fox et al., 1963; Henane & Valatx, 1 973; 
Sawka et al., 1996), and metabolic rate is generally lower after acclimation than before (Sawka et 
al., 1983).
Effect of Heat Acclimation on the Sweat Response 
Physiological changes in thermoregulation due to heat acclimation are well documented with 
respect to the sweating response (Fox et al., 1964; Fox et al., 1963; Henane and Valatx, 1973; 
Nadel et al., 1974; Wyndham, 1967). Heat acclimation shortens the time lag of sweat onset 
(Ladell, 1951; Libert et al., 1983 ). Threshold temperatures for sweating are lowered by heat 
acclimation (Henane & Valatx, 1973; Nadel et al., 1974; Sawka et al., 1996; Fox et al., 1963; 
Henane & Valatx 1973; Roberts et al. 1977; Shvartz et al., 1979; Wyndham, 1967; Wyndham et 
al., 1966). The slope for the relationship between sweat rate (SR) and body temperature has also 
been reported to become more steep. (Fox et al., 1963; Roberts et al., 1977). Threshold 
temperatures for skin vasodilation (Armstrong & Kenney, 1993) is shifted to low levels. Sweating 
capacity is increased with heat acclimation (Fox et al., 1964; Wyndham, 1967, Libert et al.,
1983). Exposure to hot environments causes a change in the distribution of sweat over the surface 
of the body. Suhgects who have acclimated to heat increase total sweat rate over the limbs more 
than the trunk (Hofler,1968). Many authors have observed increases in SR day by day during heat 
acclimation (Nielsen, 1998; Shvartz et al., 1979; Piwonka, 1967 ). In 1951 Ladell suggested that 
an increase in SR should be used as an indication of acclimatization. Changes in SR occur 
through changes in the sweat gland. Sweat gland morphology and/or sensitivity is altered (Sato & 
Sato, 1983, Sato et al., 1987, 1990). Skin biopsies &om monkeys before and after heat 
acclimation showed that after acclimation, sweat glands increased in size, produced more sweat, 
and t)ecame more efficient in that they produced more sweat per unit length of secretory coil 
(Sato et al. 1990). However, some investigators have also observed either no increase in SR or a
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decline in SR. Henane reviewed 55 m ^or papers involving Heat Acclimation and 20 showed no 
change in whole body SR. (Henane, 1980) In studies where changes in SR were not observed, the 
subjects may have been preacclimatized by training, and a change in SR may not have been 
observed. (Shapiro, 1998). Previously observed declines in SR with heat acclimation programs 
may have been related to the temperature and wetness of the environment, or skin wetting, or 
functional changes within the sweat gland. Decline in sweating has been observed in extremely 
hot environments. A high degree of skin wettedness at rest may also suppress sweat secretion 
(Randall et al., 1956; Brebner & Kerslake, 1963; Nadel & Stolwijk, 1973). However during 
exercise different effects have been observed. Sherman & Deutsch (1983) observed no significant 
effect of wetting the skin on sweat production in a 40 minute exercise bout. Bassett et al. (1987) 
observed a tendency for wetting the skin to reduce sweat production during 120 minute treadmill 
run. Both Sherman & Deutsch (1983) and Bassett et al. (1987) wetted the skin by spraying with 
water.
The rate of decline in SR may by equally important. Fox et al., 1963 observed that in a 
very humid environment sweat suppression develops very soon after sweating begins and can 
halve the sweat rate in just over 1 hour. Furthermore, Brebner and Kerslake, 1964 observed that 
although subjects displayed an early onset of sweating, sweat rate declined and proceeded 
exponentially toward zero. Finally, the sweat adaptations that occur may depend upon whether 
heat acclimation occurs in a hot wet or hot-dry environment. Hot-dry acclimated subjects appear 
to produced 50% more sweat than hot wet heat acclimated subjects (Fox et al., 1967).
The Chemical Composition o f Sweat 
The most abundant cations in sweat is sodium, followed by potassium. The concentration ofNaCl 
in thermal sweat has been reported to be extremely variable. Individual variables o f 5 mEq/ L or 
less have been reported (Robinson & Robinson, 1954). Values as high as 100 to 148 mEq /  L 
have been reported (Robinson & Robinson, 1954). These observations have been made on 
supposedly normal subjects in hot environments.
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Sweat potassium concentrations are usually lower than sodium or chloride, averaging 4.5 
mEq/L o f sweat, with individual values ranging from 1 to 15 mEg/L having been reported 
(Robinson & Robinson, 1954). Locke (ref # 127 in Robinson & Robinson 1954) found the 
potassium concentration in sweat to vary inversely with the sodium concentration and that the 
Na/K ratio varied directly with the sodium concentration.
Robinson & Robinson (1954) reported that there is no evidence of inherent racial 
differences between Blacks, Whites, or. Orientals (Robinson & Robinson, 1954). The authors 
attributed differences that had been observed in the referenced studies, were probably due to diet, 
or acclimatization status.
The chemical composition of sweat is not static and Robinson & Robinson (1954) 
discussed five conditions that are associated with immediate (within 1 hour) changes in the salt 
concentration of the sweat: a) changes in skin temperature, b) time during a single period of 
sweating, c) changes in sweating rate, d) alternating rest and work and e) anoxia during arterial 
occlusion. More recently, Verde, Shephard, Corey, & Moore (1982) reported that values for the 
composition of human sweat may also be influenced by the type of experiment (exercise, heat 
exposure, or some combination of the two), the duration of sweating, the rate of sweat secretion, 
individual subject differences, and the method of sample collection Several techniques have been 
used to collect sweat for chemical analysis. These mehods include collecting sweat by whole 
body washdown (Dill, Jones, Edwards, & Oberg, 1933; Dill, Hall, & Edwards, 1938; Dill, Hall,
& Van Beaumont, 1966; Dill et al., 1967; Dill, Yousef, & Nelson, 1973; Costill, 1977; Shirreffs 
& Maughan, 1997), or from a specific body region; gloved hand (Dill et al., 1966; Yousef & Dill, 
1974; Dill, D.B., Soholt, & Oddershede, 1976), filter paper discs (Lobeck, & McSherry, 1967), 
gauze pad (Verde et al., 1982), or arm bag (Consolazio et al., 1962; Van Heyningen & Weiner, 
1952 as cited in Verde et al, 1982).
The choice o f sweat collection technique may affect the sweat electrolyte composition. 
Local sweat output and composition may be modified by an impermeable skin coverings used in
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the glove, filter paper disc, gauze pad, or arm bag collection methods. The regional methods with 
their impermeable coverings may create hot humid microenvironments between the membrane of 
the device and the skin and this skin wettedness may impair sweat secretion or flow rate. Costill 
(1977) observed a positive correlation between flow rate and [Cl ] during whole body washdown 
and Verde et al. (1982) observed positive relationships between sweat flow rate and [Na^ and 
[Cl"] during gauze pad technique. Robinson & Robinson (1954) reported that if a local area of 
skin was adversely aSected by an impermeable barrier, [Na^ and [C1-] exceeded 80 meq/L. 
However, Verde et al., 1982 reported that forearm [Na^] and [K^ agreed well with data obtained 
by washdown technique (Dill et al., 1967). The authors reported that gauze pad technique yielded 
[Na+] with a mean of 60, and range of 48-69 meq/L and [K.^ of mean 8.8, range 6.5-11.2 meq/L. 
Furthermore, Dill and colleagues (1967) compared the chemical composition of sweat by whole 
body wash down ( [Na^: 22-72 meq/L and [K^]: 2.7-6.3 meq/L) and those observed by the glove 
method ( [Na^: 25-74 meq/L and [K.^: 4.5-13.5 meq/L). Shireffs & Maughan (1997) also 
compared sweat chemical composition by whole body washdown and gauze pad. The authors
required healthy young subjects to pedal acycle ergometer at -  60% VOzmax in a 34°C, 60-70% 
r.h. environment for until body mass decreased -2%. The duration of the tests were between 55 
and 130 minutes.The authors reported sweat composition values of 50.8± 16.5 mM for sodium, 
and 4.8+1.6 mM for potassium by whole body washdown. Sweat composition values for the 
regional method were 75.3±21.9 mM for sodium, and 3.7±2.2 mM for potassium. Alteration in 
composition by the restriction of sweat evaporation was acknowledged as a possible cause o f the 
difference. The authors went on to say that regional methods are not appropriate for assessing 
whole body total electrolyte losses, however, acknowledged that the problems of sweat 
suppression and regional differences found with local sweat collection methods may be less of a 
problem is a repeated measures design is used to compare the effects of dif&rent treatments.
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Effect of Heat Acclimation on Sweat Chemical Composition 
Changes in chemical composition occur through changes in the sweat gland. Sweat gland 
morphology and/or sensitivity is altered (Sato & Sato, 1983, Sato et al., 1987, 1990). The amount 
of electrolytes lost in sweat can be modified by heat acclimation (Dill, Hall, & Edwards, 1932; 
Daly, & Dill, 1937; Robinson, & Robinson, 1954; Allan & Wilson, 1971; Kirby & Convertino, 
1986). For example, Allan & Wilson (1971) acclimated subjects by immersion in a 40 °C water 
bath. The deep body temperature, as assessed by tympanic temperature was raised to between 
38.0 to 38.5 °C for 1 hour daily for 3 weeks. The authors observed total body sweat rate to 
increase 52-90%, hom 740-790 g/hr before acclimation compared with 1150-1400 g/hr after 
acclimation. Sweat sodium concentration decrease significantly across a wide range of sweat 
rates (0.4 - 2.2 mg/cm^/min). In a more recent experiment, Kirby & Convertino (1986) required
ten healthy male college students to pedal 2 hours on a cycle ergometer at 45% VOzmm in an 
40°C dry bulb, and 45% r.h. environment. Tn*, and heart rate decreased significantly (P<0.05). 
Whole body sweat rate increased 12%, (P<0.05) from day 1 (2,434± 176 g/2 h) to day 10 
(2,781 ±244g/ 2h). The concentration of sodium in sweat samples decreased 59%, (P<0.05) form 
day 1 to 10.
Sawka & Pandolf^ (2001) suggested that in heat acclimated individuals, a decreased 
sweat loss coupled with an increased sweat rate would result in less plasma sodium loss, and a 
greater osmotic gradient between the extra and intracellular space and the greater osmotic 
gradient should enhance water redistribution and possibly enhance the defense of blood (plasma) 
volume in dehydrated subject.
Effect of Heat and Heat Acclimation on Muscle Metabolism 
As Goedecke et al (2000) proposed from their review of the literature, it is well accepted that 
during exercise both carbohydrate and fat from the diet can serve as substrates for energy 
metabolism. Changes in RER have been previously accepted as evidence of changes in the
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relative contribution of fat or carbohydrate and as Bergman & Brooks (1999) have pointed out,
"A lower RER [ RER = CO2 production / O2 consumption ] in exercising trained subjects 
indicates a relative increase in lipid oxidation. Increased tissue respiratory control, increased 
working muscle free fatty acid uptake, augmentation of beta oxidation, and down-regulation of 
glycogenolysis and glycolysis have been attributed to a training-induced elaboration of the 
mitochondrial reticulum" (Brooks, 1997; Dudley et. al., 1987; Jasson & Kaijser, 1987, as cited in 
Bergman & Brooks, 1999).
The respiratory exchange ratio has been observed to be higher during work in the heat 
than during work at cooler temperatures (Febbraio et al. 1994a, 1994b; Young et al. 1985). The 
difference in RER between environments appears to be related to a change in muscle metabolism. 
Muscle glycogen use, and muscle and blood lactate, are higher during exercise in the heat (Fink 
& Costill. 1975; Febbraio et al., 1994a; Hargreaves et al., 1996; Young et al., 1985). Fink & 
Costill (1975) reported that exercise in a hot environment is accomplished with accelerated lactic 
acid accumulation suggesting a shift to anaerobic metabolism. These responses are due in part to 
hyperthermia and concomitant increases in plasma epinephrine (Febbraio et al. 1994a;
Kozlowski et al. 1985) and circulatory alterations. The demand for an increased skin blood flow
is met by a redistribution of cardiac ouput (Q ) .  Splanchnic and renal muscle blood flow is 
reduced. Rowell (1974) suggested that the redistribution o f (Q )  in the heat also involves 
reduction of blood flow to active muscles. Accelerated glycogenolysis, lactic acid accumulation, 
and decreased leg blood flow may impair performance either by reducing the power output, or 
time to exhaustion.
Heat acclimation may improve performance by 1) facilitating a greater blood supply to 
active skeletal muscle. (Rowell, 1974) An increased glucose or &ee fatty acid uptake and or 
greater blood flow to the active muscle may reduce reliance on anaerobic metabolism and muscle 
glycogen utilization (Kirwan et al., 1987). 2) Alternately, improved regulation of blood volume
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secondary to heat acclimation may reduce the magnitude of the catecholamine response to 
decreased blood volume during heat stress. 3) Aside from its role in cardiovascular dynamics 
epinephrine may also influence muscle metabolism (Jansson et al 1986; Febbraio et al. 1998). 
Both Febbraio et al. (1998) and Janssson et al (1986) demonstrated that epinephrine enhances 
glycogenolysis during submaximal exercise. Thus, if heat acclimation improves blood flow, and 
substrate delivery to contracting skeletal muscle, circulating epinephrine may be reduced as 
observed by Febbraio et al , 1994a and lead to reduced glycogenolysis, glycogen sparing, and 
possibly reduced lactate accumulation. An attenuated rise in core temperature may also blunt the 
epinephrine response and the subsequent accelerated glycogen use (Febbraio et al., 1996)
The idea that heat acclimation returns muscle metabolism during work in the heat to a state 
similar to that of conditions in temperate conditions is well supported. Previous investigators have 
observed lower RER after heat acclimation (Febbraio et al. 1994a; Kirwan et al. 1987; Young et 
al. 1985). For example, Febbraio et al. (1994a) observed RER to be lower after heat acclimation 
(p<0.01). Berfbre acclimation RER was 0.93 and after acclimation RER was 0.89.
Glycogenolysis and muscle lactate accumulation during exercise in the heat have also been 
shown to decrease after 7-9 days of heat acclimation. (Febbraio et al., 1994a; King et al., 1985; 
Kirwan et al., 1987;Youngetal., 1985).
Effect of Training on Muscle Metabolism 
Many longitudinal studies have shown that RER is lower after as compared to before training in 
subjects exercising at a submaximal work loads. (Coggan et al. 1990; Friedlander et al., 1997; 
Girandola et al., 1976; Hurley et al., 1986; Marin et al., 1993).
Observing changes in RER may however be dependent upon the duration and/or the 
intensity of the exercise test used to assess changes in RER after training. Ahlborg et al. (1974) 
have shown that progressive increases in free fatty acid (FFA) utilization do not occur until after 
an hour or more of exercise. However, Coggan et al. (1999) found lower RER values during
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30 min of exercise in trained men at 78% V02p«k (0.94 ± 0.01) than in untrained men at 79%
VO2po*(0.97 ± 0.01). Brooks and Bergman (1999) observed that training decreased RER only
during exercise intensities eliciting ^40% V02pak Likewise, Jansson & Kaijser (1987), reported 
nonsignificant differences in RER values between trained and untrained subjects exercising at 
65% V02peak- Whedier or not the individual is fasted may also influence the test results. Coyle et 
al. (1985) and Montain et al. (1991) have found increased carbohydrate oxidation during exercise 
that was preceded by a meal consumed up to 4 h earlier. However, Bergman & Brooks (1999) 
observed that whether or not RER was affected by food was dependent upon the exercise 
intensity, with food exerting a greater effect at lower intensities, and less of an effect at higher 
intensities. Furthermore, others have observed decreases in RER after endurance exercise training 
at when the subjects were fasted (Coggan et al., 1990; Coggan et al., 1995; Hurley et al., 1986; 
Martin, et al., 1993) or fed (Friedlander et al., 1997; Montain et al., 1991).
Effect of Heat Acclimation on Plasma Volume 
Blood volume expansion has been recognized as being an important adaptation to physical 
exercise and environmental stress (Sawka et al., 2000). Blood volume is comprised of plasma 
volume and erythrocyte volume and each can change independently of one another to alter blood 
volume. Plasma volume expansion usually accompanies heat acclimation (Bazett et al., 1940; 
Bonner et al., 1976; Senay, L.C., 1972, 1975, Senay et al., 1976; Wyndham et al., 1976; Nielsen 
et al., 1993). Plasma volume expansion has been reported to range from 0 to 30 percent (Sawka et 
al., 2000) and has been cited as the key to circulatory stability during heat stress after heat 
acclimation (Senay, Mitchell, & Wyndham, 1976; Senay, 1986) and as the decisive factor in heat 
acclimation (Sawka et al., 1983). Plasma volume has also been reported to not occur during heat 
acclimation (Bass et al., 1958; Young et al., 1993; Dill et al., 1966)
Increases in blood volume may also occur during endurance training. Sawka and 
coworkers identified twenty three longitudinal studies that demonstrated a blood volume
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increased with endurance exercise training (Sawka et al., 2000). The percent change in plasma 
volume can increase within 24 hours following exercise and achieve approximately 10% above 
pretraining values by day 1 to day 4. In the initial stages of training (first 2 weeks), nearly all the 
blood volume expansion is due to plasma volume expansion. After 2 to 3 weeks of exercise 
training, erythrocyte volume expansion is observed and increases at a rate until all vascular 
volumes (plasma, and erythrocyte) achieve an approximate 8 to 10% increase above pretraining 
levels (Sawka et al. 2000). Plasma volume expansion seems to be mediated by protein influx to 
the intravascular space and by sodium conservation (Senay et al., 1976; Wyndham et al., 1968; 
Nielsen et al., 1993).
Several techniques may be used to assess blood volume expansion. Carbon monoxide 
rebreathing, dye dilution and radioactive isotope labeled albumin may be used to assess 
erythrocyte volume. However, radioactive isotope methodologies are considered to be the "gold 
standard”. The Percent change in plasma volume may be determined by measuring the hematocrit 
and/or hemoglobin [Hb]. VanBeaumont (1972) suggested that hematocrit measured before (Hi) 
and after (H2) an exercise heat stress can be used to calculate the percent change in plasma 
volume % &PV -  [ 100/(100- Hi) ] x [ 100 (Hi - H;) / H: ]. However, this calculation makes three 
major assumptions 1) the volume of circulating red cells is constant, 2) the ratio between venous 
and whole body hematocrit remains unchanged, 3)the red blood cell size is constant. The first 
assumption is supported as erythrocyte volume does not appear to change during heat acclimation 
(Bass et al., 1958; Convertino et al., 1980; Fortney et al., 1979). The second assumption is 
supported in that during exercise and heat exposure, rapid shifts in blood volume are a result of 
fluid leaving the vascular space, rather than cells entering i t . Costill and Saltin (1974) found no 
significant change in the ratio of whole body and venous hematocrit after dehydration. The third 
assumption may not be tenable. Since plasma osmolality increases with exercise and dehydration, 
red cell size does not remain constant (Costill and Saltin, 1974). Changes in red cell size may 
alter the observed red cell volume and alter the hematocrit and calculated plasma volume.
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Therefore, plasma volume changes are better observed by calculating changes from hemoglobin 
as described by Dill & Costill (1974), and presented by Costill & Fink (1974) in the following 
equations: PV* = (100 x Hbg / Hb/J -  [(100 x Hbs / Hb/,) x HctyJ and %APV = 100 (PV^-PYg) 
/ PVg, where PV* is plasma volume after, Hbg is hemoglobin before, Hb^ is hemoglobin after, 
Hct^ is hematocrit after and PVg is 100.
Effect of Dietary Sodium Intake on Heat Acclimation 
Work in the heat may result in losses of both sweat and its chemical components. Dill and 
cowoikers observed that subjects who worked in the heat and produced 5 to 8 L of sweat per day 
could incur Na^ losses of 260 to 300 mEq/day. (Dill et al., 1933). Manipulating dietary sodium 
has been shown to affect the health of individuals working in the heat. In 1943 Taylor and 
coworkers fed soldiers daily diets of either 100 mEq Na^ (5.8g NaCl), 238 to 260 mEq N a \ (13.8 
to 15g NaCl), or 526 mEq N a \ (30g NaCl). Subjects worked in the heat (2 to 4 days of treadmill 
walking at 5.2 km/h at 7.5% grade for 120 minutes with rest in a 49°C dry bulb, 29.5 °C wet bulb 
environment). Men on the low salt diet experienced greater thermal and cardiovascular strain as 
compared to men on the moderate salt diet. No significant differences existed between responses 
to the moderate and high salt diets. Taylor et al. 1943 concluded that moderate salt intake (13 to 
17 g/day), was important for unacclimated men who are sweating 5 to 8 L/day. Luetkemeier 
(1995) has also shown that plasma volume expansion is related to dietary sodium intake and has 
suggested that the magnitude of plasma volume expansion derived from short-term exercise 
training may be influenced by dietary salt intake. Since plasma volume expansion has been cited 
as the decisive factor in heat acclimation (Sawka et al., 1983), it seems that dietary sodium 
manipulations may affect thermoregulation by effects on plasma volume. Armstrong and 
coworkers compared the effect of different levels of dietary Na intake on the effect o f heat 
acclimation. Although individuals may be at increased risk of circulatory incompetence and/or 
heat illness during the initial days of heat acclimation while on a low Na diet (98mEq/day) as 
compared to a high Na+ (399mEq) diet, these between diet differences have been shown to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
49
disappear by the eighth day of heat acclimation (Armstrong et al., 1987). Also, a typical US diet, 
containing 78-218 mEq Na+ /day allowed normal heat acclimation during a prolonged 10 day, 
eight hour per day intermittent exercise heat acclimation program. (Armstrong et al., 1993) 
Additionally, if  Na was reduced by 50% (LNA), HA still occurred and performance was 
maintained at the same level as MNA.
Effect of Heat Acclimation on Sweat Sodium 
The maintenance of plasma volume or blood volume during dehydration due to sweat loss is 
determined by the ability to mobilize fluid from the intracellular fluid volume. Osmotic forces 
pull water &om the cell into the vascular space. Establishing an osmotic gradient is dependent 
upon the abili^ to produce a dilute sweat with a low sodium concentration, which serves to 
generate a higher osmotic pressure in the extracellular fluid (Nose et al., 1988). During heat 
acclimation, sweat sodium concentration decreases and sweat becomes more dilute (Roberts et al. 
1977; Dill et al., 1938; Allan & Wilson, 1971). Also, since hand sweat is known to be 
representative of whole body sweat (Yousef & Dill, 1974; Patterson et al., 2000), assessments of 
whole body sweat rate during the course of a heat acclimation program may be made using hand 
sweat.
Protective Clothing
Protective clothing is an ensemble designed to protect the human body from the ambient 
environment by creating a microenvironment that is separate from the environment outside the 
garment. However, since protective clothing fully covers the body, encapsulates the head, is 
multilayered, and traps air within the garment (Cheung et al., 2000) it may result in high 
insulation, and low vapor permeability and may also impair heat transfer &om the individual to 
the environment. When the temperature o f the ambient environment ^proaches the skin, the 
effectiveness o f dry heat loss mechanisms (radiation, convection, and conduction) are diminished 
and the primary path for heat dissipation becomes evaporation o f secreted sweat (Wenger, 1972;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
50
Robertshaw & Finch, 1984) and maximal evaporative loss occurs when secreted sweat is 
vaporized at the skin (Nadel, 1979). When protective clothing is worn, the evaporative rate o f 
water loss 6om the skin surface is dependent upon air velocity, and water vapor pressure 
gradients between the skin and clothing, and clothing and environment (Berglund & Gonzalez,
1977). Protective clothing is well known to obstruct evaporative cooling by interfering with the 
skin to environment interface (Gonzalez, 1988; Craig & Moffit, 1974; Kakitsuba et al., 1988; 
Kenney et al., 1987; McLellan et al., 1996; Cain & McLellan, 1998). Multiple clothing layers of 
protective clothing form a series of m ircroenvironments through which metabolic heat must pass 
before being dissipate to the environment (Holmer 1995; Sullivan & Mekajavic, 1992). Protective 
clothing may also create a hot humid environment (Muir, Bishop & Kozusko, 2001) which 
interferes with evaporative efficiency (Berglund & Gonzalez, 1977; McLellan, 1993a). This 
effect may vary with time. A certain amount of time may be required to establish maximal vapor 
pressure gradients and evaporative heat loss to the environment through the clothing layers 
(McLellan et al., 1996; Cain & McLellan, 1998). If sweat is absorbed by the protective clothing it 
may be evaporated from the clothing instead o f the skin. Evaporative heat loss through wet 
clothing is less efficient than evaporation from the skin, as some of the heat for evaporation can 
be drawn in &om the environment (Craig & Moffit, 1974).Therefbre, the thermal characteristics 
of clothing such as its insulation, ventilation, and permeability to water vapor m odi^ the rate of 
heat transfer between the skin and the environment (Gonzalez, 1988; Holmer, 1995; Shitzer & 
Chato, 1985).
Looseness of fit and air between all clothing layers of the ensemble may also contribute 
to the ensembles thermal insulation and resistance (Nunneley, 1989). Body movement may also 
alter convective heat exchange (Gonzalez, 1988) and radiant heat loss (Vogt, Meyer, Candas et 
al., 1983) through protective clothing (pumping effect) by ventilating the microclimate with 
ambient air (Nunneley, 1989).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
51
The problem of decreased heat transfer while wearing protective clothing is compounded 
by increased metabolic heat production while wearing protective clothing and performing 
dynamic woik. The weight of the garment adds to the metabolic cost of mobile tasks during work 
in protective clothing (Aoyagi 1994). Furthermore, the bulkiness and stif&ess of the fire 
protective clothing and fictional resistance between layers of the clothing may account for that 
oxygen cost not accounted for by the weight of the protective clothing and SCBA (Teitlebaum 
Goldman, 1972; Duggan 1988: Patton et al. 1995; Murphy et al. 2001)
For example, Teitlebaum and Goldman (1972) observed subjects walking on a tredmill at 
5.6 or 8.0 km/hr, while wearing either arctic clothing (11.19 kg) or army fatigues and carrying an 
equivalent weight as a lead filled belt. The artic clothing increased the energy cost by 18% at 5.6 
km/hr and 14% at 8.0 km.hr. The added effect of bulk, stiffness, and frictional resistance on 
energy costs during walks has been referred to as "the hobbling effect" (Teitlebaum Goldman, 
1972 ; Murphy et al. 2001). Decreased heat loss and exaggerated work are problems for workers 
wearing protective clothing and many investigators (Goldman 1963, Martin and Goldman 1972, 
Henane et al. 1979; Santee and Wenger 1988; Gonzalez et al. 1992) have observed severe strain 
in individuals wearing protective clothing and working at normal work rates.
Interaction of Metabolic Rate, and Ambient Conditions on Acute Physiologic Response 
During Work While Wearing NBC Protective Clothing
At high metabolic rates, physiologic responses to work while wearing protective clothing against
NBC agents is more dependent upon the metabolic rate than the ambient dry and wet bulb
temperatures. (McLellan, 1993; Montain et al., 1994; McLellan & Frim, 1994). McLellan et al.
(1993) reported that, while wearing a protective clothing ensemble, tolerance time sp eared  to be
unaffected by variations in ambient vapor pressure at metabolic rates in excess of 15 ml kg'^-min"'
and under the ambient vapor conditions studied, (16 to 28 nunHg), tolerance times of less than 50
min could be described solely by the rate of metabolic heat production or measured oxygen
consumption V 02. Montain et al. (1994) observed similar results. For subjects exercising while
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wearing NBC protective clothing. During "high intensity" exercise on a treadmill 22±3 mikgmin
or 43 ±7% VOimnx, similar tolerance times were observed tor environments with similar WBGTs 
but different dry and wet bulb temperatures [hot wet (35 °C db and 50% r.h.)and hot dry (43 °C 
db, 20% r.h)]. McLellan and Frim (1994) also observed that at metabolic rates above 500W, 
tolerance times converged at 50 minutes for a range of ambient environments and physiologic 
manipulations.
Uncompensable Heat Stress (UHS)
During work in environments with high ambient temperature and high humidity, or while wearing 
protective clothing, the required evaporation (E,«q) required to maintain a thermal steady state, 
may exceed the maximal rate of evaporative heat loss (Ema%) in that environment. These situations 
have been referred to as uncompensable heat stress (UHS) environments. ). Both military 
Nuclear, Biological, Chemical (NBC) warfare ensemble and fire fighter protective ensemble (FE) 
can be UHS environments. Environments where Ereq is less than E^ax have been referred to as 
compensable heat stress (CHS) environments (Givoni & Goldman, 1972,. Cheung et al., 2000).
Because protective clothing acts as a barrier between the environment and the body and 
impairs heat loss by evaporation, heat acclimation may result in different effects on tolerance of 
heat stress in UHS and CHS environments. Nunnelly (1989) has suggested that increases in 
sweating may be a negative adaptation during work in protective clothing (Nunnelly, 1989). This 
has been supported, most recently, in 1999 by Chang and Gonzalez when they investigated the 
effect of heat acclimation on clothing ensembles with different evaporative potentials. Protective 
clothing that possessed a lower evaporative potential demonstrated less benefit after heat 
acclimation.
Structural Fire Protective Clothing 
Structural Fire protective ensemble (FE) is a type of protective clothing and consists of a 
protective coat, trousers, hood, helmet, gloves, boots, and self contained breathing apparatus
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(SCBA). The design, and performance requirements are outlined in the United States National 
Fire Protection Association (NFPA, 2000a) standard: NFPA 1971 Standard on Protective 
Ensemble for Structural Fire Fighting, 2000 Edition. The NFPA writes and promulgates standards 
for fire services in the United States. The FE has been engineered to reduce injury from heat, 
flame, cuts and abrasions. To meet these objectives, these garments generally have three layers 1) 
thermal barrier 2) moisture barrier 3) puncture resistant outer shell (NFPA, 2000a).
Structural Fire Protective Clothing Acute Physiologic Effects 
Previous authors have reported oxygen costs to be 27-33% greater for treadmill walking 
with fire ensemble than without wearing fire ensemble (Smolander, et al., 1991; Duncan,
Gardner, Barnard, 1979; Skoldstrom, 1987). The added work is also most likely a result of the 
added weight, and bulk, stiffness, and frictional resistance between layers, much like that 
observed in NBC protective clothing.For example, Smolander et al. (1991) observed oxygen 
uptake to be 36.4 (1.0)ml/kg/min while walking at 4.5 km h"' and 8% grade while wearing 
Fiimish standard fire protective clothing and 26.5 (0.6) ml/kg/min while wearing shorts and 
shoes. The two conditions were significantly different (p<0.001). Duncan et al. (1979) also
observed fire protective clothing to increase HR and VO2 37.5% and 46.8% respectively during 
treadmill walking as compared to standard fire fighter blues uniform. Skoldstrom (1987) also 
observed oxygen uptake to be 0.8 L/min without fire ensemble and the addition of the FE, oxygen 
uptake increase by 0.4 L/min)
Carrying SCBA alone has been observed to increase energy cost of locomotion 
(Louhevaara et al. 1986; Raven et al. 1977). Louhevaara (1986) required sutjects to wear sports 
shorts and shirt for two conditions 1) with and 2) without SCBA during a walking at light (4 ±3% 
±5 1 km/h) moderate (11 ± 6%, 5 ±0 km/hr and heavy workloads (17 6, 5± 1 km/h) under standard 
laboratory conditions for 25 minutes. Carrying SCBA increased the relative aerobic cost of
treadmill walks &om 48% (sports ensemble only) to 69% VO?»,.,. Although the subjects in this
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study did not wear the SCBA mask during exercise, the weight of the SCBA on the thorax may 
heave increased the energy cost of breathing. Louhevaara (1985) observed that the shoulder 
harness of the heavy SCBA prevented Aee motion of the thorax, affecting the regulation of 
breathing, and thus seriously disturbed ventilation and gas exchange, particularly at heavier 
exercise levels.
While the fire protective ensembles may serve to protect the firefighter from hazards o f 
structural firefighting, it, like many other protective clothing ensembles, also serves as a barrier to 
heat loss from inside the garment adding to the thermal stress. The thick, multiple layers and low 
vapor permeability of the garment reduces sensible heat loss (radiation, conduction, and 
convection) and insensible heat loss (evaporation). Since evaporative heat loss is reduced, work 
in structural fire fighting protective clothing most likely resembles an uncompensable heat stress 
(UHS) environment, where the required evaporation exceeds the garment's maximal ev^xirative 
capacity. A substantial amount of research on (he acute thermal effects of fire protective clothing 
on treadmill walks in the heat (Ftaiti et al., 2001; Baker et al., 2000; Malley et al., 1999; 
Louhevaara et al., 1995; Smolander et al.,1991; FafT& Tutak,1989; Skoldstrom, 1987; Duncan, 
Gardner, & Barnard 1979). However, the interpretation of these studies and/or comparison 
between one another are difficult. Studies examining the acute physiologic effect of fire 
protective clothing span a time period between 1979 and 2001. Within this time significant 
changes have occurred in fire protective clothing materials.
Studies on the acute physiologic effects of structural fire protective clothing have been conducted 
in the United States (Duncan et al., 1979; Malley et al., 1999), Finland (Louhevaara et al., 
Smolander et al., 1991), France (Ftaiti et al., 2001), the United Kingdom (Baker et al., 2000), 
Poland (Faff J and Tutak T., 1989), and Sweden (Skoldstrom B., 1987). Differences in protective 
clothing not only exist between countries where the studies occurred, but also within a country. 
Several fire protective clothing manufacturers exist. For example companies such as Globe, 
Morming Pride, Lion Appareil, and Janesville, manufacture fire protective clothing in the United
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States, and the garments meet standards set out in NFPA 1971 Standard on Protective Ensemble 
for Structural Fire Fighting, 2000 Edition (NFPA, 2000a). Also, many different materials, and/or 
combinations of materials that meet the NFPA 1971 standard may be used for the three protective 
layers. NFPA has adopted the Total Heat Loss (THL) value which is reported to represent the 
total thermal insulation provided by a combination of materials within a fire protective garment. 
Without values reporting the thermal insulation of the garments, it is difficult to make 
comparisons between studies. Since the conventional measurement o f insulation (the d o  unit) and 
the permeability index ( L) a measure of clothing vapor permeability for fire protective clothing 
ensembles are not well known, calculation o f the maximal evaporative potential (JSma*); (Givoni 
and Goldman 1972; Cheung et al.2000) is not possible, and prevents application of known heat 
stress response models to predict T^c and HR responses during work in protective clothing 
(Givoni and Goldman (1972), Pandolf and Goldman 1978; Gonzalez et al. 1997; Haslam and 
Parsons 1989; Cheung et al. 2000)
Previous research on fire protective clothing is also difRcult to evaluate because of 
differences between study protocols used. For the studies listed above, examining physiologic 
responses to work and heat while wearing fire ensemble, a range of workloads (30-90% of
V02max), ambient temperatures (15-45°C) and time (15-60 minutes) have been used. 
Furthermore, some authors have reported Tn*. as the change in Tree (Baker et al., 2000, Faff and 
Tutak, 1989; White and Hodous 1987; Duncan et al., 1979), yet others have reported only the 
final Tree (Smolander et al., 1991; Malley et al, 1999; Skoldstrom, 1987).
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Acute Effects of Fire Protective Clothing on Rectal Temperature 
Studies on the acute thermal effects of work while wearing fire protective clothing that have 
reported the ATrec are listed in table 1.
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Table 1. Tree Responses To Treadmill Walks While Wearing Fire Ensemble
Authors Intensity % Vo2max Ta(°C) RH Time aT„
Baker et al., 2000 61 21 (1.5) 55(5) 30 0.8
Faff and Tutak, 1989 51 39(1.0) 70% (5) 30 0.7
White & Hodous 1987 30 22.6db, 17wb NR 60 1.85
Duncan et al., 1979 20 41.8 WOT NR 15 0.56
Acute Effect of Fire Protective Clothing on Skin Temperature 
Elevated skin temperatures have been observed in individuals working while wearing fire 
protective clothing in the heat and cool (Skoldstrom 1987; Duncan 1979). For example,
Skoldstrom (1987) required subjects to walk on a treadmill for 60 minutes at 20 and 30% 
while while either wearing protective clothing (Eq+) or not (Eq-) in cool (15 °C) or hot (45 °C) 
conditions. As expected for increasing levels of heat and work Tsk increased. For the four
conditions (20% VOzmax 15°C Eq+), (30% VOzmax 15°C Eq-),(20% VOzmax45°C Eq ), and
(30% VOzmax 45 °C Eq+), skin temperature was 31.5, 35, 36.8, 38.2 °C respectively.
Duncan (1979) required subjects walk on a treadmill at 7.13 ml/kg/min wearing normal 
fire fighter blues uniform (7.13 ml/kg/min), 17.8°C WBGT or turnouts (10.47 ml/kg/min) at
16.3 °C WBGT. Skin temperature at the end of 15 minutes for these two conditions was elevated 
0.74 (0.1) °C and 1.3 (0.1) °C respectively. In a third condition subjects stepped in a sauna 
(41.8°C (0.2) WBGT) at 10.80 ml/kg/min for 15 minutes. At the end of 15 mintues skin 
temperature was elevated 5.69 (0.2) °C.
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Acute Effect of Fire Protective Clothing on Trec-Tsk Gradients 
White and Hodous (1987) required subjects to walk on a treadmill wearing fire protective 
clothing and after 60 minutes at 40% VOzmax in a thermoneutral environment (22.6°C db, 17C 
wb), the core to skin temperature gradient was 1.2°C
Trec-Tsk gradients at the end of 60 minute treadmill walks in the heat wearing fire 
protective clothing calculated &om the separate Tre and Tsk data present by Skoldstrom (1987)
were 5.8, 2.5, 0.8, 0.5 °C for the four conditions (20% VOzmax 15°C Eq+), (30% VOzmax 15°C
Eq-), (20% V0zmax45°C Eq-), and (30% VOzmax 45 °C Eq+), where Eq-, and Eq+ represents 
wearing the protective clothing or not.
Acute Effect of Fire Protective Clothing on VOzmax 
The relative strain experienced while working in fire protective clothing may also be a result of
the effect either the SCBA, or the entire fire protective ensemble on VOzmax. Louhevaara et al.
1986 observed a decreased VOzmax while wearing SCBA alone. Other investigators (Smolander
et al. 1984) have observed SCBA and gas protective clothing to decrease VOzmax However
Wilson et al. (1989) observed no significant effect of SCBA wear on VOzmax - 
Acute Effect of Fire Protective Clothing on Heart Rate 
Studies have documented greater cardiovascular strain during work in protective clothing as 
opposed to normal clothing (Louhevaara et al. 1985, 1995; Skoldstrom 1987; White and Hodous; 
White et al., 1989, Smith et al., 1995 as cited in Smith 1998). Final heart rates in response to 
walking on a treadmill (Baker et al. 2000; Faff and Tutak. 1989; White and Hodous) and after 
stepping (Duncan et al. 1979) are given in Table 2.
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Table 2. Heart Rate Responses To Treadmill Walks While Wearing Fire Ensemble.
Authors Work rate % VCkn., Ta (°C) RH Time Final HR
Baker et al., 2000 61 21 (1.5) 55 (5) 30 150
Faff & Tutak, 1989 51 39(1.0) 70% (5) 30 173
White & Hodous, 1987 30 22.6db, 17wb 60 172
Duncan et al., 1979 20 41.8 WGT 15 172
Despite difficulties inherent in interpreting these studies, one finding seems to be consistent. Fire 
protective clothing induces more physiologic strain than normal clothing (Louhevaara et al. 1985, 
1995; Skoldstrom 1987; White & Hodous, 1987; White et al., 1989, Smith et al., 1995; Duncan et 
al., 1979; Baker et al., 2000)
Acute Effiect of Fire Ensemble on Minute Ventilation 
SCBA wear is known to alter ventilation during exercise (Wilson et al., 1989; Louhevaara et al., 
1984,1986). These changes are thought to be due to changes in air flow imposed by the 
respirator, and disturbed pulmonary ventilation and gas exchange due to the shoulder harness of 
the heavy SCBA preventing fiee and efficient of the thorax. Louhevaara (1985a) has cited this as 
the reason for reductions in maximal work capacity while wearing SCBA. Raven et al. (1977) 
also observed a 17.5% reduction in maximal work time due to the weight (15.82 kg) of the SCBA 
alone. Distubances in pulmonary function by SCBA wear may also be due to the weight o f the 
SCBA. For example, Legg & Mahanty (1985) and Muza et al.(1987) observed load carriage in 
the form of a backpack system to reduce Forced Vital Capacity (FVC) and Forced Expiratory 
Volume in 1 second (FEVi) and 15 second maximal voluntary ventilation (M W  ) indicating a 
limitation of the ventilatory pump related to load carriage. Patton et al., (1991) also observed VE 
to steadily increase during prolonged treadmill walks while wearing a backpack
Not all changes in VE during work while wearing SCBA are necessarily due to the 
SCBA. Working very hard (at or above lactate of ventilatory threshold (Farrell and Ivy. 1987; 
Casaburi et a. 1987), and exposure to both hot (MacDougall et al. 1974) and cold (Haman et al. 
2002) environments has been known to alter the relationship between minute ventilation and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
oxygen uptake (VE/VOz). Whatever the cause, excitement, heat, cold, load carriage, when VE 
increases out of proportion to oxygen consumption, the excessive ventilation may add 
unnecessary energy cost to the task and impair performance. For example Anholm et al. (1987)
increased VE to 127-193 L min"  ̂over a 4-min period in resting humans and observed increases
of 4.3± 1.0 L min^ in Q and 411 ± 92 ml/min in VO^. Aaron et al. (1992) mimicked the work of
breathing (Wb) and respiratory muscle recruitment patterns experienced by healthy subjects
during maximal exercise in resting subjects. They reported that the VOz of respiratory muscles
averaged almost 400 ml/min (or 10% of total VOzmax) at VE values of 113-185 l/min and was
14—15% of V02nax in several o f the subjects with high levels o f VE, significant expiratory flow 
limitation, and high levels of the Wb at maximal exercise.
As a result of the additional respiratory muscle work, cardiac output may be redistributed 
from the legs to the respiratory muscles (Harms et al. 1998) at maximal work. Furthermore, at 
maximal work with (Sheel et al. 2002) and without (Harms et al.l 998) respiratory muscle fatigue, 
respiratory muscles have been observed to steal leg blood flow (Harms et al., 1997). Therefore, 
improvements in respiratory mechanical efficiency or resistance to fatigue may improve 
performance of locomotion. This has been observed previously with reductions in respiratory 
work (Harms et al. 2000).
Respiratory adaptations are well known to occur with endurance training (Martin and 
Chen. 1982; Robinson and Kjeldgaard. 1982) and more recently, during short term endurance 
training. For example, Vincent et al. (2000) observed significant improvements (-20%) increase 
in diaphragm oxidant and antioxidant activity and performance in response to short term
endurance exercise training (60 min/day at -70% V02max for 5 days). The observations by 
Donnovan and McConnell (1999) that professional fire fighters have different respiratory patterns 
as compared with civilians may be evidence of a traiing effect. Donnovan and McConnell
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(1998b) had previously suggested that if the wearing of SCBA induces a load of sufficient 
specificity and mass to engender chronic training benefits then fire fighter respiratory muscle 
strength would be expected to be better. A portion of this stimulus may be a result of wearing the 
shoulder harness of the heavy SCBA, providing axial loading to the chest and a resistance against 
which the external intercostals, sternocleidomastoid, and scaleni must oppose to elevate the chest 
during inspiration.
Sweat Rates During Work While Wearing fire  Ensemble 
Sudies that have reported the sweat rate and duration of work during treadmill walks in room 
temperature to hot conditions while wearing fire protective clothing (Ftaiti et al. 2001;
Skoldstrom 1987; Smolander et al. 1991; White & Hodous 1987; Duncan et al. 1979) are reported 
in Table 3. The sweat reported sweat rates have ranged from 11.23 -  86.7 g/min.
Table 3. Sweat Rates During Treadmill Walks While Wearing Fire Ensemble.
Author & Year Wt loss 
(kg)
Duration of Work 
(minutes)
Sweat loss 
(g/min)
Ftaiti et al. 2001 0.8 15 53
Ftaiti et al. 2001 1.3 15 86.7
Skoldstrom 1987 0.674 60 11.23
Smolander et al. 1991 0.304 24 12.6
White and Hodous 0.658 26 25.3
Duncan et al. 1979 0.19 15 12.7
Duncan et al. 1979 0.48 15 32
In Ftaiti et al. (2001) subjects ran for 15 mins at 70% maximal aerobic velocity while 
wearing one o f five different French fire jackets (one leather, the rest textile). Sweat losses were 
0.8-1.3 kg. Skoldstrom (1987) required fire fighters to wear fire protective equipment and walk
60 mins at 3.5 km/hr (30% VOzm«) in a 45°C room. Sweat losses were 674g. When subjects 
performed a 24 min progressive treadmill test at 8% grade, increasing speed from 3-4.5 km/hr, 
Smolander et al. (1991) reported sweat losses of 304±24g. White and Hodous (1987) observed
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0.658 kg weight losses during 26 minutes of light exercise (30% VOzm.,) when subjects walked 
on a treadmill wearing fire protective clothing and SCBA. In Duncan et al. (1979) subjects wore 
either standard fire fighter blues uniform or fire protective clothing and SCBA and exercised in a 
laboratory or sauna for 15 minutes. When blues were worn and subjects exercised in the lab, the
WBGT, VOz, and Sweat losses were: 17.8±0.1°C, 10.47±0.75 mikgmin, and 0.07±0.03 kg. 
When fire protective clothing and SCBA were worn and subjects exercised in the lab, the WBGT, 
VOz, and Sweat losses were: 16.3±0.1 °C, 10.80±0.59 mikgmin, and 0.19±0.03 kg. In contrast, 
when fire protective clothing and SCBA were worn and subjects exercised in the sauna, the
WBGT, VOz, and Sweat losses were: 41.8+0.1 °C, 7.13±0.41 mikgmin, and 0.48±0.05 kg.
Acute Effect of Fire Ensemble on Rating of Perceived Exertion 
RPE is well known to increases linearly with increasing work intensities. However, Baker et al. 
(2000) observed an upward drift in RPE during constant load treadmill walks (60 minutes at 6 
km/h and 8% grade) in a temperature environment in subjects wearing fire protective clothing and 
SCBA. RPE was assessed with the Borg interval scale (1-10), Borg (1982). RPE at the 10'"', 30*, 
and 60* minute, group mean (SE) were: 3.1 (0.2), 5.1 (0.2), and 7.0 (0.2). During these work 
bouts, heart rate and Tre also rose from 75 (2.3) and 37.1 (0.1) at minute zero, to 161 (6.0) and
38.4 (0.2) at the 60* minute.
RPE has also been investigated during live-ffre simulations (Lusa et al., 1993; Smith et 
al., 1996, 1997, 1998, 2001). Although correlations of 0.80-0.90 have been previously reported 
between heart rate and RPE assessed with the 15 grade Borg 6-20 RPE scale (Borg and Noble, 
1974; Mihevic P. 1981) mixed results have been reported for correlations between heart rate and 
RPE during fire fighting simulations. Lusa et al., 1993 reported RPE of 10 to 15, and that RPE 
correlated significantly with relative average and peak heart rate (r=0.61, p<0.001, and r=0.36, 
p<0.05, respectively). However, Smith et al. (1996) reported that RPE dissociated from heart 
rate. During the fire fighting simulation in a hot environment (76.7-93.3 °C), subjects had mean
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heart rates of 182.2 b/min however reported RPE of "hard" (RPE=15.6). Again, Smith et al. 
(1997) examined RPE during fire simulations in neutral (13.7± 1.6°C, with no fire) or a hot 
environment with a fire (89.6± 16.6°C). The protocol duration was 16 mintues with 8 minutes in 
the neutral and 8 minutes in the hot environment. The authors reported that RPE increased during 
work in both environments RPE increased at a much greater rate during the hot condition. RPE 
was positively related to heart rate in the neutral condition (rs = 0.57 to 0.48) however heart rate 
and RPE showed little correlation during work in the hot environment (rs=0.01 to 0.18); subjects 
were working at heart rates at 90% of maximum, yet reporting "hard" and "very hard". These 
observations on RPE suggest that RPE may not be a useful tool for assessing the effiects of 
exercise stress during a thermal stress while wearing fire protective clothing. However, this may 
be dependent upon the interaction of familiarity with RPE, and the level of thermal and work 
stress.
Guidelines for Work in the Heat While Wearing Fire Ensemble 
Limited information exists related to heat acclimation as a countermeasure for work in fire 
protective clothing in guidelines published by the National Institute for Occupational Safety 
and Health (NIOSH), Occupational Safety & Health Administration (OSHA), and National 
Fire Protection Association (NFPA). Although some sources discussed heat stress, 
acclimatization, and protective clothing, none offered information on 1) how acclimatization 
impacts work while wearing fire protective clothing 2) whether or not a heat acclimation program 
is beneficial to work in fire protective clothing or 3) what methods should be employed to heat 
acclimate safely. (NIOSH 86-112; NIOSH 86-113, OSHA, TM). Little information was found in 
a NIOSH document that presented recommendations for reducing morbidity and mortality as a 
result from structural fire fighting.
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In the document "Preventing Injuries and Deaths of Fire Fighters" (NIOSH, 94-125) the 
recommendations for reducing heat related emergencies were limited to:
* "Guard against heat stress and other medical emergencies at the fire scene; 
provide cool water supplies, rest areas, and access to emergency medical 
personnel."
* "Drink fluids frequently and be aware o f signs ofheat stress."
Physiologic Manipulations & Effect on Responses to NBC Protective Clothing Wear 
Although no research is available on the impact of a heat acclimation program on tolerance of fire 
protective clothing, results of research on other types of UHS environments: Nuclear Biological 
Chemical (NBC) protective clothing can be referenced to provide a framewoik for understanding 
the potential consequences ofheat acclimation in fire protective clothing.
Previous woik that most closely resembles this study was done in 1994 by Aoyagi, 
McLellan, and Shephard. The effect of endurance training and heat acclimation upon the 
physiological strain o f exercising in the heat while wearing NBC protective clothing was 
investigated (Aoyagi, McLellan, & Shephard, 1994). Two separate groups of young men
underwent 8 weeks o f physical training [60-80% VOzmax for 30-45 min/day, 3-4 days/week in an 
environment less than 25 °C]. Training was followed by 6 days ofheat acclimation (45-55%
VOzmax for 60 min/day at 40 °C, 30% relative humidity). Another group of young men underwent
control observation and followed by heat acclimation acclimation (45-55% VOzmax for 60 
min/day at 40°C, 30% relative humidity). During all heat acclimation trials, subjects only wore 
gym attire. Before and after physical training and heat acclimation, subjects completed a heat- 
exercise test which consisted of a treadmill walk (4.8 km h'% 2% grade) in a climatic chamber 
(40°C, 30% relative humidity), wearing normal combat clothing then wearing NBC protective
clothing. The mean VOzmax increased by 16% and mean plasma volume increased by 8% after
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training. When tested in normal combat clothing, the rates o f increase in rectal temperature and 
heart rate were slower after training. When wearing NBC protective clothing, the only significant 
change resulting from training was a higher mean skin temperature in the early part of the test. 
Heat acclimation increased the mean plasma volume o f untrained subjects by 8%, but their
VOzniax remained unchanged. When tested in normal combat clothing, acclimation decreased 
their mean values of rectal temperature, mean skin temperature, heart rate, and metabolic rate. 
When tested wearing NBC protective clothing, the only significant decrease afier acclimation was 
in overall rectal temperature. In trained subjects, heat acclimation induced no further 
improvement in any physiological variable when wearing normal combat clothing, but reduced 
overall rectal and mean skin temperatures when wearing NBC protective clothing. Training or 
acclimation-induced increases of sweat rate. The mean increase in sweat rate was 0.14-0.23 kg/hr. 
No statistically significant increase in sweat evaporation occurred when wearing NBC protective 
clothing. Most importantly, tolerance times were unchanged in either normal combat or NBC 
protective clothing. The pre and post test tolerance times for normal combat clothing were 116 
minutes and 120 minutes respectively. Pre and post test tolerance times for NBC protective 
clothing were 47 minutes and 52 minutes respectively. The authors concluded that neither 
endurance training nor heat acclimation do much to improve exercise tolerance when wearing 
NBC protective clothing in hot environments.
Subsequent studies investigated the effect of heat acclimation on work in the heat while 
wearing NBC protective clothing combined with other manipulations.
In 1995 Aoyagi, McLellan, Shephard investigated the effects of 6 versus 12 days of heat 
acclimation on heat tolerance in men lightly exercising while wearing protective clothing. Men
were acclimated by treadmill walking (50% of VO?n,., for 60 min/day) in a climatic chamber 
(40°C dry bulb (db), 30% rb). Heat acclimation was performed for either 6 or 12 days. Before 
and after heat acclimation, the subjects performed a heat-exercise test (1.34 m.s ', 0% grade;
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40 °C db, 30% r.h.). Heat and exercise tests were done with subjects wearing either normal light 
combat clothing or wearing NBC protective clothing. Acclimation responses were about twice as 
large after 12 than after 6 days when wearing normal combat clothing. Tolerance times while 
wearing NBC protective clothing were increased by approximately 15 minutes after both 6 and 12 
days of heat acclimation. However, no further positive adaptations occurred in NBC clothing 
when heat acclimation was extended from 6 to 12 days.
In 1996 McLellan and Aoyagi compared the effect of hot-wet or hot-dry heat acclimation 
on heat strain while working in the heat while wearing NBC protective clothing. The hot wet 
condition was imposed on subjects by work in the heat while wearing NBC protective clothing. 
The hot-dry group wore shorts, t-shirt and running shoes and socks. Heat acclimation was 
performed in a climatic chamber (40°C, 30% rh) for 1 hour a day far 12 days. The heat-exercise 
tests involved walking on a treadmill at 1.33m/s intermittently 15 minutes work and 15 minutes 
rest. Tolerance time was improved in subjects wearing both combat clothing, and NBC protective 
clothing after 12 days. The most important finding from this study was that the most significant 
changes in tolerance time, T ^ , Tsk, and heart rate while wearing the NBC protective clothing 
occurred following heat acclimation that involved wearing NBC clothing during exercise.
In 1998, Aoyagi, McLellan, and Shephard investigated the effects of endurance training 
and heat acclimation on psychological strain in during work in the heat while wearing NBC 
protective clothing. Their results suggest that 1) neither endurance training nor heat acclimation 
reduce psychological strain when protective clothing is worn during vigorous exercise. They 
reasoned that increased sweat accumulation adds to discomfort. 2) heat acclimation is beneficial 
for individuals working in the heat while wearing protective clothing if the intensity of effort is 
kept to a level that allows sweat to evaporate and move through the clothing.
In 1998 Cheung and McLellan investigated the effects of heat acclimation, aerobic 
fitness, and hydration on tolerance during work while wearing NBC protective clothing. The 
m ^or findings from this study were: 1) Long term aerobic fitness resulted in a significant
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improvement in exercise heat tolerance regardless of hydration or acclimation status. The high fit 
group began the heat stress test with a lower core temperature and tolerated a higher rectal 
temperature at exhaustion than the medium fit group. The high fit group had lower initial and 
higher final core temperatures, resulting in a greater change in T̂ K than the medium fit group and 
longer tolerance times. 2) When fluid replacement was provided, heat acclimation did not provide 
significant benefit regardless o f fitness status. The authors concluded that fluid replacement may, 
be an effective substitute for a heat-acclimation program. 3) The magnitude of improvements in 
physiological strain with heat acclimation are greater in those subjects with high aerobic fitness, 
but the improvements are still insufficient to improve exercise-heat tolerance. 4) Hypohydration 
of 2-3% of body mass resulted in significant impairment, regardless of fitness or heat acclimation 
status.
In 1999, Chang and Gonzalez compared the effect of heat acclimation upon work while 
wearing two different NBC protective clothing ensembles. Each garment had different 
evaporative potentials. Evaporative potential is a measure of thermal insulation. It is modified by 
the moisture permeability, of the clothing ensemble. These authors found that the benefit of heat 
acclimation was strongly dependent on the ability of the body to dissipate an adequate amount of 
heat evaporatively through the garment.
Fire & NBC Protective Clothing Ensemble Contrasts 
Cheung, McLellan, and Tengalia have provided a comprehensive review of the physiological 
manipulations and individual characteristics that impact tolerance of uncompensable heat stress 
(Cheung et al., 2000). The authors comment that they feel comfortable in generalizing military 
based research to protective clothing in general. However, fire protective clothing and NBC 
protective clothing are fundamentally different. The garments differ in the type material used in 
their construction, mass, number o f layers, materials, volume o f air tr^ p e d  within the garment, 
amount of insulation, and degree of impermeability to moisture all or which are known to 
influence thermal responses during work.
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National Fire Protection Association (NFPA) standard fîre protective ensemble consists 
of (jacket, pants, boots, gloves, helmet, nomex hood, and self contained breathing apparatus 
(SCBA) (NFPA, 2000a). The Canadian Forces NBC protective clothing upon which much o f the 
heat acclimation in UHS research is based (Aoyagi et al , 1994; McLellan & Frim, 1994; Aoyagi 
et al., 1995; McLellan & Aoyagi, 1996; Aoyagi et al., 1998; Cheung & McLellan, 1998) 
ensemble consists o f a semipermeable NBC overgarment, gas mask and cannister, and 
impermeable rubber gloves and overboots.
It is unclear how different clothing protective against nuclear, biological and chemical 
agents (NBC) is &om fire protective clothing. Comparisons are made easily based on weight and 
construction. Fire protective clothing, also known as turnouts, or bunker gear combined with a 
Self Contained Breathing Appraturs (SCBA) together, referred to as a fire ensemble (FE) 
generally weighs 22 kg. NBC protective clothing with respirator weighs 4-8kg. Fire ensemble is 
multilayered, and NBC protective clothing has one layer o f a charcoal impregnated material. 
However, differences between ensembles in terms of thermal characteristics are difBcult to 
assess. To date, the manufacturers of and research involving fire and NBC protective clothing 
ensembles use different systems for describing the thermal insulation provided by the garment. 
Fire protective clothing materials are assigned a Total Heat Loss (THL) value, a composite value 
including both radiant and evaporative heat loss and reports the average intrinsic thermal 
resistance (Ref), average apparent intrinsic evaporative resistance (ARcf) and the average total 
heat loss (Qt) of the sample (NFPA, 2000a). Authors involved in NBC clothing research have 
used the Woodcock vapour permeability coefficient ( L), thermal resistance (It), insulation (do), 
and pumping coefficient (Goldman 1988) to describe NBC clothing thermal characteristics.
Given the differences between rating systems, the degree o f insulation, and vapor permeability is 
difficult to compare.
One method of comparing FE and NBC clothing is to compare published heat loss 
values. However rating systems and terminology differ. The NFPA and fire protective clothing
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manufacturers use a value called Total Heat Loss (THL) to represent the thermal conductance 
through Are protective clothing. The THL value for Are protective clothing is a composite value 
including both radiant and evaporative heat loss and report The average intrinsic thermal 
resistance (Ref), average apparent intrinsic evaporative resistance (ARcf) and the average total 
heat loss (Qt) of the sample (NFPA, 2000a). Authors involved in NBC clothing research have 
used the Woodcock vapour permeability coefAcient ( im), thermal resistance (IJ, and insulation 
(do), and pumping coefAcient (Goldman 1988) to describe NBC clothing thermal characteristics. 
Although heat loss from NBC clothing and FE has been described with similar units (W/m^), 
comparisons o f heat loss between garments may not be so easily made. The THL for FE includes 
both radiant and evaporative heat loss in the result (NFPA, 2000a). NBC clothing heat loss values 
only report heat loss by evaporation ((McLellan, Gannon, Zamecnik, Gil, & Brown, 1999; 
McLellan & Cheung, 2000). For example, fire ensembles are designed to have a total heat loss of 
no less than 130 W/m^ (NFPA, 2000a). The upper limit may be as high as 400 W/m^. Previous 
studies have shown that the clothing layers and materials of Canadian Forces NBC protective 
ensemble limit the evaporadve heat loss to between 50 and 60 W/m^. (McLellan, Gannon, 
Zamecnik, Gil, & Brown, 1999; McLellan & Cheung, 2000). Further, the tests that provide the 
heat loss values for NBC and FE protective clothing are done under different standardized 
condiAons. Thermal resistance and the Woodcock vapor-permeability coefAcient ofNBC 
protecAve clothing have been determined on heated and wetted manikin, under standard wind 
speeds (Gonzalez et al, 1993; Aoyagi et al., 1995). The THL vaule for a part o f the fire ensemble 
is determined by testing a sample of each of the composite materials Aom the three layers on a 
sweat hot plate (ASTM F 1868, as cited in NFPA, 2000a ).
The weight of NBC clothing (6 kg)and FE (18-22 kg, unpublished observaAon) differ 
signiAcantly. The bulkiness of the garments also differs. Differences in weight and bulkiness may 
account for differences in the added oxygen cost for each garment. For treadmill walking, 
wearing Canadian forces NBC clothing increased the oxygen cost o f walking by 9-16% while
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walking mph (Aoyagi 1994). Oxygen costs differed 27-33% between treadmill walking with and 
without Are ensemble. (Duncan, Gardner, Barnard, 1979; Skoldstrom, 1987; Smolander et al., 
1991)
Theoretical Importance of Changes in Core Temperature (Tnc) on Tolerance Time 
The importance of changes in resting and the rate of nse in core temperature can be observed in 
equations used to predict tolerance time in protective clothing (equation 1, Cheung et al. 2000), or 
predict the change in tolerance time (equaAon 2, Aoyagi et al. 1995) given changes in resting core 
temperature (T c^), iniAal rectal temperature (Tre^tw), or rate o f rise or slope (Tĉ iope).
Eq. 1 TT = (Tre&ui -  TrCkitid) ' Cp,h - mass (S 60 - An) \
TT: tolerance Arne (mins); Cp_y : heat c^)acity o f  the body (J/kg/°C ); Ao : body surface area (m^) .
Eq. 2. ATT = .[(AT,.r^ + (TT 60 ' ) - A ] - {[ x (TT iniAal - 60 ' ) ' + A T^,kpj ' 60 '
aT T : change in tolerance time (mins); TT^kiai: initial tolerance time (mins);
Tc,rest core temperature at rest (°C); Te_dopc: rate of increase in core temperature (°C/hr)
For any given decrease in Tremitia, T ,,^  Tĝ ôpe or increase in Tremn.i an improvement would be 
predicted for tolerance time. Heat acclimation provides an opportunity for manipulating these 
variables and improving tolerance Ames while working in hot environments. However, for these 
seven subjects, no signiAcant difference was observed Ar either TrCmitiai, Tc^op, between days. 
Due to Ame constraints, no assessment of resAng T  ̂was made in this study.
NBC Protective Clothing and Heat Acclimation Effects 
Rectal Temperature Responses After Heat AcclimaAon in NBC Protective Clothing 
In studies evaluating the effects of endurance training and heat acclimation on tolerance time, 
Aoyagi (1994, 1998) found a signiAcant reducAon in Tre (0.2-0.4 C), and a signiAcanAy 
decreased rate of increase in Tre (signiAcant aAer 25 minutes) when wearing NBC protecAve
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clothing. In a similar study, Aoyagi, McLellan & Shephard (1995) observed that the rate of rise in 
Tree was signiAcantly different between pre and post heat acclimation at 100-105 minutes for the 
NBC protecAve clothing condiAon. In a study comparing the effects of hot wet (HW) and hot dry 
(HD) heat acclimaAon, McLellan and Aoyagi (1996) found that after hot wet heat acclimaAon the 
time for Tre to increase 1.0 °C while wearing NBC protecAve clothing was signiAcantly 
increased from 66.8 to 82.3 minutes for the HW group. After heat acclimaAon the time for Tre to 
increase to 1.5 C was also signiAcanAy increased for the HW 85.0 to 104.6 minutes and HD 87.0 
to 97.2 minutes Cheung and McLellan (1998) examined the effect of heat acclimaAon over 2 
Atness levels (medium and high) and 2 hydraAon levels (euhydrated (eu) and hypohydrated 
(hypo)). After heat acclimaAon the final Tre was signiAcanAy lower 38.54 (post) vs 38.75 (pre) 
for the high At group. However, the ATre was not signiAcanAy different (1.55 (pre) vs. 1.66 
(post)).
Skin Temperature Respones After Heat AcclimaAon in NBC ProtecAve Clothing 
The Effect of heat acclimaAon on mean skin temperature while exercising within NBC protecAve 
clothing has been previously explored. Aoyagi, McLellan & Shephard (1994) Heat acllimaAon 
decreased the overall Tsk by 0.1 -0.3 C for all NBC protective clothing trials. Statistically 
significant reductions in Tsk were seen for endurance trained subjects after heat acclimation as 
compared to preacclimaAon. Aoyagi, McLellan & Shephard (1995) observed that the average 
Tsk pooled over the course of a given heat exercise stress test while wearing NBC protecAve 
clothing decreased signiAcantly (by 0.2-0.4 C) after heat acclimation. The trend for a further 0.2 
C reducAon in Tsk with 12 versus 6 days of acclimaAon was not staAsAcally signiAcant (p=0.07). 
McLellan and Aoyagi (1996) observed that all groups showed a signiAcant decrease in Tsk 
averaged over the enAre heat tolerance test following the acclimaAon period. The decrease in Tsk 
was signiAcantly greater for the group acclimated to hot wet versus hot dry condiAons. Aoyagi, 
McLellan & Shephard (1998) reported that heat acclimaAon signiAcanAy reduced the overall 
values for Tsk. Cheung and McLelan (1998) observed a signiAcantly reduced Tsk after a 2 week
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heat acclimation program as compared with preacclimation data for high but not low aerobically 
At individuals. Chang and Gonzlaez (1999) observed Tsk to be lower post acclimation than 
preacclimation by 1 °C. SigniAcance was not reported.
Trec-Tsk Gradients After Heat Acclimation in NBC Protective Clothing 
Core to skin temperature gradients after heat acclimation and in response to work in NBC 
protective clothing; range 0.7-0.8 C (Aoyagi et al 1994) and 1.1 -  1.2C (Aoyagi et al., 1995) and 
1.4-1.5°C (Aoyagi 1998). Other NBC protective clothing heat acclimation studies did not report 
core to skin gradients. Aoyagi, McLellan & Shephard (1994) observed parallel shifts in Tre and 
Tsk in response in heat acclimation, therefore, there was little variation in the Anal gradient 
between Tre and Tsk between pre and post heat stress tests. Aoyagi, McLellan & Shephard 
(1995) did not descnbe the effect of HA on Tsk. Aoyagi, McLellan & Shephard (1998) reported 
no signiAcant effect of HA on Tre-Tsk between pre and post acclimaAon. Chang and Gonzalez 
(1999) reported no signiAcant difference between pre and post Tre. Taken into consideraAon with 
the 1C reduction in Tsk, the Tre-Tsk gradient was widened after heat acclimation in both the 
clothing ensembles tested. McLellan and Aoyagi (1996) did not report changes in core to skin 
gradients.
FaAgue During Exercise While Wearing ProtecAve Clothing 
It is well known that during exercise in the heat, attainment of a critically high core temperature 
result in faAgue during exercise in a hot dry environments (Nielsen et al., 1993) and while 
wearing protecAve clothing (Gonzalez-Alonso et al, 1999b; Cheung & McLellan, 1998a) and 
approaching 40°C for endurance-trained subjects (Nielsen et al., 1993; Nielsen et al., 1997). 
However, subjects exercising in the heat while wearing protecAve clothing have also been 
observed to stop exercise due to faAgue/exhausAon at core temperatures lower than 40°C. Latzka 
et al. (1998) observed that exhausAon ftom heat strain occurred at a mean core temperature of 
38.7 ± 0.2°C. Montain et al. (1994) observed subjects wearing protecAve clothing and exercising 
at a varieity of intensities and climaAc conditions, all UHS, to disconAnue exercise due to
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exhaustion at (38.6±0.2°C). Subjects walking in the heat while wearing protective clothing at 
light and heavy exercise stopped exercising at Tre (38.74-38.90 °C) and (38.69-38.74 °C) 
respectively (Cheung & McLellan, 1998b). Therefore, faAgue during exercise while wearing 
protecAve clothing may not be entirely dependent upon Tnc Skin temperature, or the gradient 
between rectal and skin temperature (Trec-Tsk) also seems to be important. Thermal discomfort 
resulAng form the combinaAon of a Tre-Tsk difference of < 1C and a wetted skin area of > 40% 
has also been observed to shorten tolerance times (Pandolf & Goldman 1978; Goldman 1985, 
1988). lampietro & Goldman (1965) suggested that when the difference between the TSk and Tre 
approached 1 °C, tolerance time would be limited, and Pandolf & Goldman (1978) have proposed 
that convergence of Tsk on Tre rather than any absolute value of Tre or heart rate predicts 
tolerance limits for subjects who are woiking under condiAons where evaporaAve cooling is 
minimized. Nunneley et al. 1992 has disputed the importance of narrowing of the Trec-Tsk 
gradient in predicAng heat strain. Subjects wore heavy, semi permeable clothing under a range of 
conditions involving Tdb = 22-40°C, relative humidity 15-88%, and work loads of 200-500 W. 
Convergence occurred in 42 cases Sixty percent of the subject continued walking until Tree 
increased to the criterion temperature 39°C. Subjects worked for for 10-45 minutes after 
convergence. No subject approached collapse. The authors concluded that while convergence 
marks severe, Ame-limited heat stress, it does not accurately predict tolerance limits in highly 
moAvated subjects.
Cardiovacular Responses After Heat AcclimaAon in NBC ProtecAve Clothing 
Aoyagi, McLellan & Shephard (1994) observed a slightly slower rate o f increase in heart rate 
during the NBC protective clothing trials after heat acclimation for subjects not previously 
endurance trained; this change was staAsAcally slower at 45 minutes, when the majonty o f the 
subjects terminated the test. No signiAcant effect on heart rate was observed for subjects who had 
been previously endurance trained although there was a trend toward a lower post acclimaAon 
heart rate (an average decrease of around 6 bpm). Aoyagi, McLellan & Shephard (1995) observed
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a signiAcant reduction in resting and overall heat exercise stress heart rate by 5-26 bpm 
irrespecAve of the duration of heat acclimaAon (6 vs. 12 days) that was undertaken or whether 
subjects exercised while wearing normal combat clothing or NBC protecAve clothing. McLellan 
& Aoyagi (1996) observed signiAcantly lower heart rates (approximately 10-15 bpm), for 
subjects that had undergone heat acclimaAon under hot wet (wearing NBC protecAve clothing) or 
hot dry (wearing running shorts and t-shirt) and the reducAon in heart rate was not signiAcantly 
different between groups. In one e)q)eriment, Aoyagi, McLellan & Shephard (1998) observed 
non-endurance trained subjects to have a slightly slower rate o f increase in heart rate in response 
to walks in the heat while wearing NBC protecAve clothing after acclimaAon. This change was 
statisAcally signiAcant at 45 minutes when the m^ority of the subjects terminated the test. Heat 
acclimaAon had no signiAcant effect on heart rate for subjects that had undergone endurance 
training. In a second expenment Aoyagi et al. (1998) observed a signiAcant reducAon in overall 
HR by 8-19 bpm irrespecAve of the type of clothing subjects were tested in (NBC or normal 
combat clothing) or duraAon of heat acclimaAon (6 vs. 12 days). Cheung & McLellan (1998) 
observed that in response to a heat acclimaAon program, medium At and high At subjects 
expenenced staAsAcally lower heart rates in response to walks in the heat wearing NBC 
protecAve clothing, after heat acclimaAon.
VenAlatory Responses After Heat Acclimation in NBC ProtecAve Clothing 
Respiratory adaptaAons have also been observed in response to endurance training in the heat and 
assessed with walks in the heat weanng NBC protective clothing. Aoyagi et al.(1994) observed a
signiAcant reducAon in VE after six days of heat acclimation in response to walks in the heat
while wearing NBC protecAve clothing. The authors reported 37.3 (1.9) L/min VE before and
VE of 34.7 (1.7) L/min after acclimation. Aoyagi et al. (1995) observed that after a 6 day heat
acclimaAon program, when weanng NBC protecAve clothing, individual values for VE were 
reduced at 15,75, and 90 minutes. A 12 day heat acclimation program also signiAcantly reduced
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VE from 21.2 (1.3) L/min pre to 19.0 (l.O) L/min in response in walking in the heat while
wearing NBC protective clothing. The twelve days of heat acclimation reduced VE signiAcantly 
more than six days. Aoyagi et al.(1998) observed that heat tended to signiAcanAy decrease the
mean values of VE for previously endurance trained individuals in response to walks in the heat 
wearing NBC protecAve clothing. In contrast non-endurance trained individuals demonstrated
higher mean VE dunng walks in the heat wearing NBC protecAve clothing in the heat after heat 
acclimaton. A few of the NBC protecAve clothing studies (McLellan & Aoyagi, 1996; Cheung &
McLellan, 1998) did not report changes in VE in response to heat acclimaiton.
Metabolic Rate Responses After Heat AcclimaAon in NBC ProtecAve Clothing 
The aerobic cost of submaximal treadmill or cycle exercise without protecAve clothing has been 
reported to be lower after heat acclimaAon, with reducAons of 3% (Sawka et al., 1983; Young 
1985), 4% (Eichna et al., 1950), 8% (Robinson et al., 1941), 12%, (GisolA 1973). Similar results 
have been reported after heat acclimation while walking on a treadmill in the heat while wearing 
protecAve clothing. Aoyagi et al.(1994) reported a 4-5% reducAon in energy cost as a result of 
heat acclimaAon. However, not all invesAgators have observed lower aerobic costs of work after 
heat acclimation (King et al. 1985; Kirwan et al. 1987). The effects of heat acclimaAon on the 
energy cost of walks in the heat while wearing NBC protecAve clothing have reported a small 
(13.9±0.3 to 13.2 ±0.3 ml-kg"'mm') but signiAcant change (McLellan and Aoyagi 1996), a 
tendency to decrease (Aoyagi 1994), no change (Aoyagi 1995,1998) or slightly decreased 
(Aoyagi 1998) after heat acclimaAon.
Muscle Metabolic Responses AAer Heat Acclimation in NBC ProtecAve Çlothing 
ReducAons in RER as a result of heat acclimaAon as assessed during treadmill walks in the heat 
while wearing NBC protecAve clothing is not well studied or support. RER was not reported in 
the NBC protecAve clothing heat acclimation studies by McLellan and Aoyagi (1996);Aoyagi, 
McLellan & Shephard (1998) ; Cheung and McLellan; Chang and Gonzalez (1999). When RQ
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was reported as being reduced in response to heat acclimation in Aoyagi, McLellan & Shephard
(1994), the authors attributed the reduction to a lessening of hypervenAlation which they 
discussed as being common when respirators and full face masks are Arst worn, particularly in 
hot, wet environments (Goldman 1985; Knochel 1989; Morgan 1983 as cited in aoyagi 1994 pg 
243). Aoyagi, McLellan & Shephard (1995) found no signiAcant differences in mean R pooled 
over an entire session. The authors reported that R was 0.92(0.05) while exercising wearing NBC 
protective clothing before heat acclimation and 0.93(0.01) after heat acclimaAon. In the one 
protecAve clothing heat acclimaAon study (Aoyagi et al 1994) Aiat has observed a reduction in 
RQ, a shiA did not occur during a short (six day) heat acclimation program [pre RQ=0.96 (0.12), 
post RQ=0.95(0.12)], however, RQ was reduced aAer a longer (twelve day) heat acclimaAon 
program [pre RQ=0.93 (0.01), post RQ=0.88 (0.02)].
AlteraAons in Sweat Rate AAer Heat AcclimaAon in NBC Protective Clothing 
Many authors have observed increases in sweat rate (SR) day by day during heat acclimation 
(Nielsen 1998, Shvartz et al., 1979; Piwonka, 1967 ). This increase in sweat rate is known to be 
part of a larger classic adaptaAon know as a "sweat response" as a result of heat acclimaAon. The 
sweat response has been shown to include an increase in sweat rate, earlier onset of sweaAng, 
increased SR per degree nse in T,«;, more dilute sweat (Dill, Hall & Edwards, 1938; Nose et al., 
1988; Allan & Wilson, 1971, as cited in Cheung 2000).
NBC ProtecAve Clothing and Sweat AdaptaAons During Heat Acclimation 
ProtecAve clothing creates a hot and wet microenvironment during exercise (Muir, Bishop & 
Kozusko, 2001), resulting in a high degree of skin wettedness. A high degree of skin wettedness 
may suppress sweat secreAon (Brebner & Kerslake, 1963; Nadel & Stolwijk, 1973). This process 
is known as hidromeiosis (Gnefahn, 1997, as cited in Cheung et al., 2000). However, SR has 
been observed to increase signiAcanAy from pre to post heat acclimation during heat and exercise 
while wearing NBC protecAve clothing (Aoyagi et al., 1994, 1995, 1998; McLellan & Aoyagi 
1996; Cheung & McLellan, 1998; Chang & Gonzalez, 1999). Cheung and coworkers (2000),
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citing the work of Taylor (1986), Candas, Liebert, & Vogt (1979), and Gonzalez, Pandolf, &
Gagge (1974) have proposed that adaptations may occur at the level of the sweat gland that allow
the sweat gland to maintain high sweat outputs despite high skin swttedness. These AdaptaAons
may depend on similariAes between the training and test environment (Fox et al., 1967; Shvartz et
al., 1973). In 1967, Fox and coworkers observed sweat suppression during a heat tolerance test
after heat acclimaAon yet the sweat suppression was greater A)r individuals working in a in a hot
wet environment that had undergone heat acclimation in a hot dry environment (HD) than
individuals that had undergone heat acclimaAon in a hot wet environment (HW) and performed a
heat tolerance test in a hot wet environment. This idea o f specificity o f training environment has
been extended to protecAve clothing. McLellan & Aoygagi (1996) heat acclimated subjects to
either hot dry (t-shirt and shorts) or hot wet (NBC protecAve clothing) condiAons. Both the FTW
and HD groups demonstrated a signiAcantly slower rate o f nse in T^c after heat acclimaAon.
However, more time was required to elevate T̂ K 1.0°C (82.3 vs. 71.4 mins) and 1.5 °C (104.6 vs.
97.2 mins) in the HW than the HD group. Despite differences in rate of rise in Tre both groups
demonstrated signiAcantly greater sweat rates after heat acclimaAon, with a change in sweat rate
of 0.147 kg hr ' for the HW and 0.134 kg hr ' for the hot dry group.
Perceived ExerAon AAer Heat AcclimaAon, & During 
Exercise With NBC ProtecAve Clothing
CorrelaAons between RPE and Tn», RPE and Tsk, and RPE and percent V 02max may be affected 
by repeated heat exercise exposures. Aoyagi et al. (1998) observed correlaAons for these pairs of 
variables during walks in the heat wearing NBC protecAve clothing, before (preHA) and after 
(postHA) heat acclimaAon. RPE and Tre were more highly related aAer a heat acclimation
(preHA: r=0.932±0.014, postHA, r=0.895±0.038). RPE was also more related to % VOzma* aAer 
heat acclimaAon (preHA: 0.374+0.280, postHA: 0.659±0.193). However, RPE was less related to 
Tsk aAer heat acclimaAon (preHA: 0.841 ±0.036, postHA: 0.862±0.036).
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Thennal Discomfort, Heat Acclimation, & NBC Protective Clothing Wear 
Correlations between RTD and indices of thermal stress have been observed to change little in 
response to a six day heat acclimaAon program. Aoyagi et al. (1998) observed correlaAons 
between RTD-T^c, and RTD-Tsk to be equivalent before and after a heat acclimaAon program 
when subjects walked in the heat while weanng NBC protecAve clothing; RTD and T^c (preHA r 
= 0.941 ±0.016, post HA r = 0.949±0.008); RTD and Tsk (preHA r = 0.920±0.021, post HA r = 
0.927±0.018). Interestingly, the authors also reported RTD and RPE to be highly related during 
heat exercise stress pre acclimaAon (Pearson r = 0.930 ±0.024) and post acclimation (Pearson r =
0.942+ 0.021).
Currently, no procedures are in place to monitor Tn* or heart rate while fire Aghters are 
acAvely engaged in Are structural Are suppression.Therefbre, AreAghters are leA to rely on their 
percepAons thermal discomfoA and raAngs of perceived exerAon. Since RPE and RTD seems to 
be related to the total level o f stress the individual expenences (Baker et al., 2000; Aoyagi et al.
1998), there psychological indices may serve as a useful tool for monitonng heat sAess during 
actual fireAghting. Baker et al. (2000) proposed that if AreAghters and others who are required to 
wear protecAve clothing ensembles, were expenenced in perceiving heat strain through training 
exercises, it might prove a useful safety procedure when Acing prolonged periods in a hosAle 
environment. The authors went on to suggest that fireAghters should be allowed to periodically 
experience sensaAon of overheating and exhausAon associated with elevated levels of core 
temperature, which signal the need to rest and cool down.
Effect of Heat AcclimaAon Environment (Hot Wet vs. Hot Dry) on Physiologic Responses 
During Exercise While Wearing NBC ProtecAve Clothing
The idea of speciAchy of the training stimulus applies to heat acclimaAon. Changes in Tmc and
heart rate following heat acclimaAon are greater when boAi the acclimaAon and test environments
are similar (Fox et al., 1967; Shvartz et al., 1973). Subjects in the Aoyagi et al. (1994,1995,
1998) studies all wore running shorts and t-shirts during heat acclimation representaAve o f a hot
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dry (HD) environment. McLellan & Aoyagi (1996) examined the diAerential effect of hot wet 
versus hot dry heat acclimation upon tolerance of work in the heat while wearing NBC protecAve 
clothing. Both the HW and HD groups demonstrated a signiAcantly slower rate of rise in Tre after 
heat acclimation. However, more Ame was required to elevate T,«c 1.0°C (82.3 vs. 71.4 mins) and 
1.5 °C (104.6 vs. 97.2 mins) in the HW than the HD group. These Anding would are consistent 
with the idea of speciAcity and transfer between hot environments.
Effect of Heat/Exercise Test DuraAon on Finding of SigniAcance 
Studies that have observed a signiAcant effect of heat acclimaAon on Tn*, Tsk, HR, and SR have 
used heat and exercise exposures with fairly long durations (Aoyagi et al., 1995; McLellan & 
Aoyagi, 1996). For example Aoyagi et al. (1995) did not observed a signiAcant difference 
between the pre and post heat acclimaAon states for the rate o f nse in Tie until 100-105 minutes. 
However, a signiAcant reducAon in T ^  (0.2-0.4 C) was observed relative to pie-acclimation data 
throughout both clothing trials (Aoyagi et al.,1994). Heat acclimation also decreased both the 
overall Tie and the rate of increase in Tre (signiAcanAy so after 25 minutes) when wearing NBC 
protecAve clothing. (Aoyagi et al., 1994,1998).
Effect of The Number of Days of A Heat AcclimaAon Program on Tolerance of 
Exericse While Wearing NBC ProtecAve Clothing
Although adjustments to heat and exercise may not be maximal unAl 14 days after the onset of
heat and exercise training (Armstrong & Maresh, 1991), signiAcant decreases in cardiovascular
and thrermal stress have been observed after relaAvely few days during acclimaAon to CHS
environments (Lind & Bass, 1963; Senay et al. 1976). Short term (6  day) heat acclimaAon
programs designed to improve tolerance of exercise while wearing NBC protecAve clothing in the
heat have also observed signiAcant physiologic improvements (Aoyagi et al., 1994,1995).
AddiAonally, no further improvement in heat-exercise tolerance was observed when a NBC
protecAve clothing heat acclimation program was prolonged Aom 6  to 12 days.
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METHODS
Subjects
Males (n = 7), between the ages o f 20 and 40 years of age, participated in this study. Subject's 
physical characteristics are presented in Table 1. Females were not included in this study, due to
the potential menstrual cycle hormonal influence on both physiologic and psychological aspects 
of thermoregulation (Stephenson and Kolka 1988). A health history questionnaire (PAR-Q) was 
completed to ensure subjects had no contraindications to exercise (see Appendix III). Subjects 
were informed of and acknowledged the potential risks and discomforts by reading and signing an 
informed consent (see Appendix III). This study was approved by the University of Nevada, Las 
Vegas Biomedical Sciences InstituAonal Review Board (see Appendix III).
Experimental Procedures 
All procedures were carried out in the UNLV Exercise Physiology Laboratory.
Heat and exercise stress was imposed by walking on a treadmill within a climate chamber (8 ' x  8 ' 
X 8'). See below for description of each treatment. The chamber temperature was constantly 
controlled by heaters at 40°C±2.0 °C. A thermistors at the level of the subject's waist was 
connected to a computer and allowed constant real time air temperature monitoring. Dry bulb and 
wet bulb temperatures were measured at the beginning and end of each work bout in the heat with
79
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a sling psychrometer (Taylor Precision Products, Oak Brook, IL, USA). RelaAve humidity was 
determined by psychometric chart using the dry and wet bulb temperatures.
During all heat-exercise testing and training subjects wore Are protecAve clothing and 
Self Contained Breathing Apparatus (SCBA). The Are suit (jacket and pants) used in this study 
was unused, Aom the manufacturer, model GX-7, Globe Firesuits Company (PittsAeld, N ew 
Hampshire). The three layers of the jacket and pants were; outer shell: Phi 7.5 oz., thermal 
barrier: Caldura SL, moisture barrier: Crosstech. The nomex hood, gloves, nomex hood, and 
helmet all met NFPA 1971,2000 EdiAon Standards For Structural Fire ProtecAve Clothing 
(NFPA, 2000a). Fire protecAve boots were not worn by the subjects because of possible 
orthopedic complaints and blisters. The weight o f Are protecAve boots were simulated with 
weights strapped to the ankles (2.96 kg). Subjects earned an Interspiro Self Contained Breathing 
Apparatus (SCBA) on the back. The SCBA was earned but the mask was not worn. Fire 
ensemble (FE) refers to Are protecAve clothing and SCBA together. The total weight o f the FE 
was 23.63 (0.07) kg The Total Heat Loss value (NFPA, 2000a) for the jacket and pants was 
280.1 W/m^ (Globe Fire Suits, 2003).
Preliminary Evaluation 
All preliminary data was taken on one day. Height was measured in cenAmeters with a wall 
mounted anthropometer. Weight was recorded in kilograms with an electronic scale (Metler- 
Toledo, Dayton, OH) accurate to the ±10 g. Percent body fat, fat free mass, and fat mass were 
assessed by underwater weighing. Land and water weight was measured by an electronic scale 
(Metler-Toledo) accurate to the ± lOg. Body density was assessed by the equaAon: Density (D) = 
M .̂ / [ ( (MA-Mw) / Dw) - V^], where MA= mass in aA, Mw= mass in water, Dw= density of 
water, FRY = funcAonal residual volume. FuncAonal Residual volume was determined by the 
oxygen diluAon technique (Wilmore, 1969). Percent body fat was calculated Aom the measured 
body density by using the Sin equaAon (Sin, 1956), percent body fat = (495/density) -  450. The
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Dubois equation (Dubois & Dubois, 1916) was used to calculate body surface area: (A^), Ao = 
0.202 ' Wt ' Ht where Wt and Ht were weight and height respecAvely. Peak oxygen
consumpAon f was assessed by open circuit spirometry during a continuous incremental
treadmill test. Oxygen consumpAon was measured with a Vaccumed mini-cpx metabolic cart
(Ventura, CA). V o2pak was deAned as the highest observed 20 second VOg. ). Peak heart rate 
(HRpeak) was assessed during the test with a Polar heart rate monitor (Polar Electro Oy, Finland). 
The metabolic cart received the heart rate morutor signal telemetrically. The highest 10 second 
average during the test was considered as the individual's peak heart rate. The test was perkrmed 
on a Precor treadmill (Woodinville, WA). The test was begun at 3.0 mph and speed increased 1.0
mph and grade increased 2.0 percent every one minute until volitional exhausAon. VOzpeak testing 
was done with subjects wearing gym attire (shorts, t-shirt and rurming shoes) and according to 
American College of Sports Medicine's Guidelines For Exercise Testing and PrescripAon 
(Franklin, Whaley, & Howley, 2000). After the peak treadmill test subjects dressed in the Are 
protecAve clothing and SCBA carried on the back, and a treadmill speed and grade that elicited
50% VO^xak was establish by open circuit spirometry.
Day One to Six Procedures 
After the preliminary assessments, each of the subject reported to the exercise physiology 
lab for six consecutive days.Each subject arrived at the lab at the same time each day (±1 hour) 
for tesAng. The procdures on entenng the lab were:
1. The subject was wighed in the nude, and then the subject inserted Aie rectal catheter
2. The subject dressed in a standard cotton shorts.
3. Skin thermistors were applied
4. Hands were wash in deionized water
5. Sweat collecAon glove was ^p lied
6 . The subject dressed in Are protecAve clothing and ankle weights
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7. Face mask and head gear for metabolic cart data and flash hood were applied
8 . SCBA was applied (the harness was worn, the facemask was clipped to the jacket.
9. Helmet and gloves were applied.
10. Subject entered the envAonmental room . (40 ±2°C, r.h. 20-22 %) and straddled the 
treadmill belt.
11. The metabolic cart pnuemotach, and heart rate monitor telemetry receiver were then 
connected to the subject.
12. After the metabolic cart and temperature data logger were synchronized for time, the 
subject began walking on the treadmill at a speed and grade that had been previously
determined to elicit 50% of Vo^x»kand data collection began, and speed and grade 
remained constant
13. During the tests the following physiologic parameters were monitored and recorded: 
Rectal temperature (T^*;) mean skin temperature (Tsk), heart rate (HR), oxygen
uptake ( VO2), minute venAlation ( VE), and Respiratory Exchange Ratio RER). 
Rrating of perceived exertion (RPE), and raAng of thermal discomfort (RTD) were 
recorded.
14. The work bout in the heat continued until one of the following occurred: the subject 
became incapable of continuing or the subject requested to stop, heart rate remained 
at maximum for 3 min, core temperature reached 39.5 °C, or the subject displayed 
other objecAve signs of severe exhausAon (stumbling, tripping, staggering gait), or, 
dizziness, or nausea precluded further exercise, or 30 minutes had elapsed.
15. After 30 minutes, the subject stopped walking, exited the environmental room, and 
removed the facemask then the SCBA, Are protecAve clothing, ankle weights, and 
shoes.
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16. The sweat collection glove was carefully removed and the sweat was decanted into a 
3 ml vial and the sweat was Aozen.
17. The subject undressed completely, removed the rectal catheter, towel dried and nude 
weight was assessed again.
Measures During Work Bouts in the Heat 
Rectal temperature IT ^ l was measured by placing a Aexible vinyl covered Yellow Springs 
Incorporated (YSI model # 449IE) rectal temperature probe 8 cm beyond the anal sphincter. 
Rolled elastic gauze was Aed at the 8.5 cm mark on the catheter, and the subject was asked to 
place the catheter so that the gauze knot rested at the anal oriAce. The rolled gauze was then 
pulled upward Aom the Aont and backside of the subject, and attached to a second gauze string 
that encircled the subject's waist. The rectal catheter was attached to a YSI model # 4940 cable, 
and connected to channel one o f a Grant Intruments (Cambridge) Ltd., (Shepreth Cambridgeshire, 
United Kingdom) 1200 series Squirrel meter/logger, serial number 1202-00036. This arrangement 
allowed real Ame monitonng of the rectal temperature. The data logger was set to record the 10 
second average for rectal temperature. At the end of each workbout in the heat the datalogger was 
connected to a laptop PC serial port with a LC-21 cable, (Science-Electronics, Dayton, Ohio), and 
the temperature data was downloaded Aom the data logger's on board memory to a laptop PC 
using the Squirrel Alewise software version 4.13.0, Grant Instruments (Cambndge) Ltd.,
(ShepreAi Cambridgeshire, United Kingdom). The Alewise software downloaded and exported 
the data in Microsoft Excel format. The squirrel data loggers were calibrated just prior to the 
commencement of data collecAon by an authorized distributor of the Grant data logger (Science- 
Electronics, Dayton, OH). The calibraAon cerAAcates are on Ale in the UNLV Exercise 
Physiology Laboratory. Throughout the several months of data collecAon, the performance of the 
enAre system (retal catheter probe, skin thermistors, connecAng cables, and data logger) was 
compared with a mercury thermometer in a water bath.
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Skin temperatures ft) were measured by placing four YSI contact thermistors (model # 409B) on 
the subject's arm (right deltoid), chest (right pectoralis major), thigh (anteriomedial right thigh), 
and calf (right posterior lower leg). The thermistors were connected to channels 2, 3, 4, 5 of a 
Grant Intruments (Cambridge) Ltd., (Shepreth Cambridgeshire, United Kingdom) 1200 series 
Squirrel meter/logger, serial number 1202-00036. Skin temperatures were averaged and recorded 
every 10 seconds by the data logger. Skin temperature data downloads and imports to Microsoft 
Excel were done with the same methods as Tn* data
Mean skin temperature was calculated by weighting the temperatures Aom four skin 
temperature sensors (chest, arm, thigh, leg, (Ramanathan, 1964); Tsk = 0.3 + 0.3 tg^ + 0.2
tmigh + 0.2 tieg, where Tsk = mean skin temperature, and t is temperature.
Rectal to Skin Temperature Gradient IT^-Tskl was calculated as (T^e-Tsk) = T^c -T sk , the
difference between rectal and mean skin temperature.
Heart rate IHRI was measured with a Polar heart rate monitor chest band and Polar Interface 
which connected to the metabolic cart. Heart rate was averaged and recorded every 10 seconds.
Oxveen consumpAon I Vo?) was determined by open circuit spirometry. A Vacumed (Ventura,
California), mini-cpx metabolic cart was used to record oxygen uptake every 10 seconds during 
the treadmill walks. Subjects wore a facemask for collecAon of exhaled gases and measurement
of minute venAlaAon( VE).
Ratine of Perceived ExerAon IRPEl was assessed every 2 minutes with the Borg (6-20) category 
scale (Borg, 1970). The RPE Scale was placed on a transparent oversized chart and the subject 
was asked to point to theh current rating using an index Anger. Prior to each trial, RPE 
interpretaAon instrucAons were read to the subject (Franklin et al., 2000).
RaAng of Thermal Discomfort (RTD) was evaluated at the end of each even minute during the 
test. The RTD scale [McGiimis thermal scale was located (Hollies, 1977)] on a transparent 
oversized chart. The subject was asked to point to theh current rating using an index finger.
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Sweat Sodium and Potassium Concentrations were collected from a gloved band during each 
work bout in the heat. Hand sweat is known to be representaAve of whole body sweat (Yousef & 
Dill, 1974; Patterson et al., 2000). The sweat was collected in a 3 ml vial and frozen at 0°C 
within 5 minutes in a commercial freezer. The sweat was thawed at a later time and sweat 
sodium, S[Na^, and sweat potassium S[K^, Concentrations were determined by Aame 
photometry (Radiometer, Copenhagen). After thawing, a diluted sample was aspirated into an 
atomizer where it was atomized and mixed with air and gas. The mixture was then sprayed into a 
burner where the metal ions of the sample are excited by the Aame and emitted light. The 
intensity of the light is proporAonal to the amount of atoms (the concentraAon of metal) in the 
sample. By measuring the emitted light wavelength and intensity, the type and concentraAon of 
metal in a sample can be determined. The emitted light passes through a opAcal unit. The opAcal 
unit only transmits the speciAc wavelength to which it is sensitive. The photocell determines the 
intensity of the light and converts it to a an electrical current which is displayed (Radiometer, 
1976).
Whole bodv sweat rate (SRI: was determined by calculating the difference between nude body 
weight immediately before and after the heat-exercise exposure. Subjects were weighed on an 
electronic platform scale (Metler-Toledo, Dayton, OH), accurate to +/- 10 g. The scale was 
calibrated at the beginning of the data collecAon, by a Metler-Toledo service technician, and the 
scale performance was compared with a set of standard weights throughout the study period.
Diet
All Subjects were asked to maintain a diet consisting of 12% calones Aom protein, 30% calones 
Aom fat, and 58% calones Aom carbohydrate. Subjects were asked not to eat any solid food 4 
hours prior to arriving at the lab on all testing days. Subjects were asked to abstain Aom coffee, 
tea, cola and alcoholic beverages for the duraAon of the study.
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Medication and Cigarette Use 
None of the subjects were using any prescribed medications or recreational drugs during this 
study. None of the subjects reported a smoking history.
Water intake
Water was withheld during all heat-exercise exposures. Subjects were provided bottled water or 
Gatorade after the heat-exercise exposure equal to the amount o f weight lost during the heat- 
exercise test. Subjects were then asked to drink enough water during the remainder of the day to 
ensure they produced urine that was straw colored to clear. Urine color has been used 
successfully to monitor total body water levels (Armstrong et al., 1994,1998).
Recording Data
The 10 second average for the metabolic cart and the temperature data were recorded and stored 
in the PC or on board memory respecAvely. The heart rate, rectal temperature, RPE and RTD data 
were also recorded on a daily log (See Appendix IV) at the end of each even minute during the 
test.
Data Presentation & Analysis 
Within chapter 4, the day to day physiologic responses are presented. Following the day to day 
results and discussion for all physiologic variables, the group mean responses across days one to 
six are presented with emphasis on the effect o f time within each work bout in the heat. The 
discussion section for the Ame effects has been constrained to a qualitaAve analysis of the across 
time influence since the purpose of this study was primarily to study the influence of walking in 
the heat while wearing Are ensemble across days. Individual subjects are represented by S and a 
number. Subjects one to seven are notated as SI, S2, S3, S4, S5, S6 , S7 within the text, tables and 
Agures.
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One way repeated measures ANOVA (SPSS v.lO) was used to assess the day to day 
effect of the heat acclimation program on the physiologic responses (T^c, Tsk, T^c-Tsk, HR,
VO2, VE, RER, SR, S[Na^, and S[K^ ) and psychological responses (RPE, RTD). The 
independent variable was day with six levels, and the dependent variables were (Tmc, Tsk, T;%-
Tsk, HR, VO2, VE, RER, SR, S[Na^, S[K^, RPE, RTD).Whether or not these physiologic and 
psychological responses were signiAcantly affected by the heat acclimation program lead to the 
decision to reject or accept the null hypothesis. The raw data were transformed for these analyses 
as follows. The analysis for Tn« was done on the change in T^c over the 30 minute work bouts in 
the heat, noted as ATr âo .Change in T^e was calculated as the difference between T^c at the 1 ̂
and 30'*' minute. Analyses for Tsk, T^^-Tsk, HR, VO2, VE, and RER, RPE, and RTD responses 
were done on the averages of these responses over the 30 minutes work bouts in the heat. The
average values are noted as Tskso, T^c-Tskao, HR30, VO2 30, VE30, and RER30, RPE30, and RTD30. 
Sweat rate, sweat sodium concentration, and sweat potassium concentration were assessed at the 
end o f each work bout in the heat on each day,_Therefbre, the values for SR, S[Na^, or S[K^, at 
the SO**" minute were used for statistical analysis with repeated measures ANOVA^ The accepted 
level of significance for all tests was 0.05. All values within the text and tables, and Agures are 
reported as meant standard deviaAon (&D).
Pearson product moment correlation coefAcients were made between the following pairs
o f variables: RPE-RTD, RPE-T,^, RPE-(T^-Tsk), RPE-HR, RPE- VO2, RPE-% V 02p«ü» RPE- 
%HRpeak, RPE-VE, RTD-Tnc RTD-Tsk, RTD-(Tn%:-Tsk). The values at each 2 minute interval 
were compared for each variable pair.
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RESULTS AND DISCUSSION 
The results for the group, mean (&D), are presented in this chapter. Data in table format for each 
subject are presented in appendix I. The raw thermal and metabolic data can be found in 
Appendix V. Data used for the statistical tests in this chapter are located in appendix I. The day to 
day effects o f the heat acclimation program on rectal temperature (Tn* ), mean skin temperature
(Tsk), rectal to skin temperature gradients (T^^-Tsk), oxygen consumption ( VO2), minute 
ventilaAon (VE), rating of perceived exertion (RPE), rating of thermal discomfort (RTD), sweat 
rate (SR), sweat sodium concentration S[Na^ and sweat potassium concentraAon S[K^ are 
presented first since this was the focus the study. The acute responses for the listed variables 
during work bouts in the heat follow all day to day responses.
Subject's physical characterisAcs are presented in Table 4. Generally, the subjects were 
young, aerobically fit, and lean as indicated by their peak aerobic power and percent body fat.
Table 4. Physical CharactensAcs of Subjects.
Subject Age
yrs
Height
cm
Weight
Kg
BSA
m̂
%BF V O 2 peak
ml kg"̂  min"'
HR Peak 
b min"'
SI 27 174 94.52 2.09 20.2 51.08 175
S2 25 179.5 83.81 2.03 14.2 54.75 183
S3 24 169.5 59.41 1.68 4.6 58.24 192
S4 27 174.5 78.76 1.93 23.4 44.18 200
S5 20 174.5 72.44 1.87 14.6 52.96 188
S6 22 173.8 68.86 1.82 13.3 61.01 184
S7 38 177 75.4 1.92 22.8 45 180
Mean 26.1 174.7 76.2 1.9 16.2 52.5 186
5.8 3.1 11.2 0.1 6.6 6.3 8.2
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Subjects began all tests walking on a treadmill at a speed and grade that bad been previously
determined to elicit 50% of V 02peakin a fairly stable environmental room (40±2°C, 20-22% r.h.), while
wearing full structural fire ensemble (NFPA, 2000a) and appeared to achieve the target 50%
However, variability was present between subject for the percent achieved during woih bouts
in the heat (see Figure 1).
Percent VOipwk at 5 and 30 minutes
I
□ 5th min 
I ■ 30th min
day 1
Day
day 6
Figure 1. Percent V02peak at 5 and 30 Minutes on Days One and Six
Day to Day Effects of the Heat Acclimation Program 
Rectal Temperature and Skin Temperature 
The aTmcso was not significantly different across test days when subjects walked in the heat while 
wearing FE, F(5,20) = 0.542, p = 0.742. Figure 2 shows the change in T^c over the 30 minute 
periods for the group across the six days. The Tsk% was not significantly different across test 
days when subjects walked in the heat while wearing FE, F(5,25)= 1.766, p = 0.157. Figure 2 
shows the Tsk averaged over the 30 minute work bouts in the heat, for all subjects and days.
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Recta] and Skin Temperature Reponses
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0.40
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H
<3
0 1 2 3 4 5 6
Days
Tsk
Tree
Figure 2. Rectal and Skin Temperature Responses Over 30 Minute Periods
No decrease in the T̂ K responses during six days in the present study observations of 
others. A decrease in core temperature or decreased rate of rise in core temperature has been part 
of the usual definition of heat acclimation since the 1940’s (Robinson et al., 1943; Eichna et al., 
1945, Bean & Eichna, 1943). Lower rectal temperatures have also been observed over the course 
of heat acclimation programs where subjects wore NBC protective clothing (Aoyagi et al., 1994, 
1995, 1998; McLellan & Aoyagi, 1996; Cheung & McLellan, 1998). These same authors with the 
addition of Chang & Gonzlaez (1999) have also reported Tsk reductions o f 0.1 to 1.0° C.
Since no improvement in T^c or Tsk was observed, it is unlikely that any improvements 
in time to exhaustion and work time would occur. It is expected that tolerance time should 
improve with reductions in T^c, rate of rise of Tr^ during exercise (Aoyagi et al., 1995; Cheung et 
al., 2000) and /or by reductions in Tsk (Pandolf & Goldman 1978; Goldman 1985,1988).
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Tree and Tsk may not have changed during the study period due to exercise intensity. 
Most subjects exercised at a greater intensity (see Figure 1) than that required by Aoyagi et al. 
(1994, 1995, 1998; McLellan & Aoyag, 1996; Cheung & McLellan, 1998; Chang & Gonzalez,
1999). Since metabolic rate was higher in the present study, heat and sweat may have arrived at 
the inner sur&ce of the fire protective clothing at a rate beyond the garment's capacity fbr heat 
and moisture transfer to the environment. Such an interaction between protective clothing, heat 
trans&r, and exercise intensity has been observed previously. Aoyagi et al. (1994) observed that 
heat acclimation had no effect on tolerance time during work while wearing NBC clothing. 
Aoyagi et al. (1995) proposed that the finding of no eSect in the previous study (Aoyagi et al., 
1994) was probably a result of the exercise intensity (42-51 %V 0 ?n,«). and that benefits from heat 
acclimation might be observed if the intensity of exercise was "low enough to allow permeation 
of the heat acclimation induced increase of sweat secretion through the protective clothing”. By 
lowering the exercise intensity to 23%V02mm, Aoyagi et al. (1995) observed larger number of 
subjects completing the trials with longer tolerance times: 97-102 minutes as compared to 
tolerance time of 47-52 minutes observed by Aoyagi et al. (1994). Aoyagi et al. (1995) 
concluded that by adopting a schedule of light intermittent exercise (< 25 %VO?m») tolerance 
time can be extended, and the improvement is related to providing time for mass flow of sweat 
through the NBC protective clothing layers.
Since T^c and Tsk were unaffected by a heat acclimation program in the present study, 
and this result may be realed to exercise intensity, a possible solution may be to implement a heat 
acclimation program and reduce the exercise intensity during structural fire fighting to improve 
tolerance time. Unfortunately, reducing work intensity during structural fire fighting is unlikely. 
Firefighters may work well beyond 25% VO?m«. Work at a structure fire has been observed to
require - __% VOzmax, and during the initial fire attack with a time pressure fbr extinguishing
the fire, opportunities fbr reducing the intensity o f woik are usually not present and woihing at a 
lower intensity (power output), is counter to the management of the fire scene.
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Core to Skin Temperature Gradients 
The Troc-Tskao was not different across test days when sutgects walked in the heat while wearing 
FE, F(5,30) = 0.933, p = 0.372. Figure 3 shows the Tng-Tsk averaged over 30 minute work bouts 
in the heat.
Rectal to Skin Temperature Gradients Averaged 
Over 30 Minute Woik Bouts in the Heat
I
1.60 -
I.OO -
0.20 -
Figure 3. Rectal to Skin Temperature Gradients Averaged Over 30 Minute Periods
The results of the present study are similar to at least two studies that have focused on 
Trec-Tsk gradients before and after heat acclimation during work while wearing NBC clothing 
where the authors reported no change (Aoyagi et al., 1994, 1998). The results of one other study 
(Chang & Gonzalez, 1999) suggest that Tn%-Tsk gradients may improve after heat acclimation. 
Since the T^c-Tsk gradient responses observed are a reflection of the separate Tne and Tsk 
responses and no change occurred in either in the present study, it is sensible to observe no 
change in T^-Tsk gradients. Therefore, exercise intensity most likely affiected the T^c-Tsk 
gradients in same way it affected T^, and Tsk. Exercise intensity may have been to great to
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realize a benefit of heat acclimation. Aoyagi et al. (1994) used an exercise intensity of 42-51% 
VOzmax and observed no change in time to exhaustion alter a heat acclimation program. The T^c- 
Tsk was 0.7-0.8°C. In a follow on study, Aoyagi et al. (1995) halved the exercise intensity, 
Trcc-Tsk gradients were larger (1.1-1.2°C) and time to exhaustion was prolonged after heat 
acclimation.
Trec-Tsk seems to be important in determining the time to fatigue during work in a hot 
environment. Others have either suggested or observed that the tolerance time is dependent upon 
the thermal discomfort related to changes in Tn«-Tsk gradient (lampietro & Goldman, 1965; 
Pandolf & Goldman 1978; Goldman 1985, 1988). Therefore, maintaining, or wideneing the T^c- 
Tsk gradient due to improved heat loss at the skin after heat acclimation may result in improved 
tolerance time. However, widening of the Trec-Tsk gradient through heat acclimation does not 
seem possible when moderate intensity work in the heat is done while wearing FE. It is also likely 
that Titc-Tsk gradient and the thermal discomfort associated with its narrowing would only be 
worse during higher intensity work while wearing FE.
Heart Rate
The HR30 was significantly lower during repeated exposures to walks in the heat while wearing 
FE, F(5,30) = 3.229, p = 0.019. Figure 4 shows heart rates averaged over the 30 minute work 
bouts in the heat. Although significance was observed by repeated measures ANOVA, pairwise 
comparisons with LSD showed only the following pairs o f days to be significantly different: 1 
and 5,1 and 6 , 2 and 5, 3 and 5, 4 and 5. The hypothesis was that // day 1 > /.i day 2 > day 
3 > /.( day 4 > // day 5 > // day 6 . For heat acclimation to be present, heart rate should have 
decreased day by day. Heat acclimation does not appear to be present, rather an effect of day to 
day variability. Further, the greatest separation any two days' heart rates was only 6  b min"'.
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Heart Rate Averaged Over 30 Mmute Work Bouts m the Heat
Figure 4. Heart Rate Averaged Over 30 Minute Periods
The observation that heart rate decreased in response to the 30 minutes of work in the 
heat over the six day heat acclimation program in the present study agrees with previous heat 
acclimation studies. A decrease heart rate has been cited as being part of the usual definition of 
heat acclimatization / acclimation (during heat exposure to CHS environments Robinson et al., 
1943 and Eichna et al., 1945, Bean WB, Eichna LW, 1943), and UHS environments (Aoyagi et 
al., 1994, 1995, 1998, McLellan & Aoyagi, 1996; Cheung & McLellan, 1998).
Increase in heart rate during individual work bouts in the heat was probably related to 
decreases in stroke volume. Stroke volume may have decreased progressively during work bouts 
in the heat in the present study through upright posture and pooling o f blood in the legs 
(Bevegard et al., 1963; Gauer & Thron, 1965; Frangolias et al., 2000), redistribution of blood 
flow to the periphery by increased skin blood flow during heat stress (Rowell, 1974), and thermal 
sweating, dehydration, and/or hyperthermia (Rowell et al, 1966; Gonzàlez-Alonso et al. 1995,
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1997, 1998, 1999a, 2000). Heart rate should increase when stroke volume decreases during 
prolonged upright exercise to maintain cardiac output. (Ekelund & Hohngren, 1967; Saltin & 
Stenberg 1964). Since heart rate was lower over the six days, some adjustment may have 
occurred that allowed for better maintenance of stroke volume. Plasma volume expansion usually 
accompanies heat acclimation or plasma volume may be better maintained in response to 
consecutive days of heat and exercise (Boimer et al., 1976; Senay, L.C., 1972, 1975, Senay et al., 
1976; Wyndham et al., 1976: Nielsen et al., 1993). If plasma volume expanded, or was more 
vigorously defended, ventricular filling and stroke volume, would have been preserved resulting 
in a decrease in heart rate during the six day heat acclimation program. Unfortunately we were 
unable to assess plasma volume changes. Therefore it is unknown fbr certain if the changes in 
heart rate are due to a real "heat acclimation response" or due to some other mechanism(s). 
Sutgects may have drank increasingly more water over the six day period and began the woik 
bouts in the heat more well hydrated as the six days progressed. No significant differences were 
observed between pretest nude weights [F(5,30)=0.754, p=0.590], suggesting subjects presented 
to the lab on all days with similar levels of total body water (see Appendix I, Table 38). Subjects 
may have adapted to the testing by being less psychologically stressed resulting in a lower heart 
rate. Counter to this possibility is that the group mean heart rates at the onset of exercise fbr days 
one to six were; day 1: 95, day 2: 91, day 3: 94, day 4: 98, day 5: 91, and day 6 : 94 (see Appendix 
I, Table 25). Also, no signiEcant difference was observed in the indices of psychological stress 
(RPE and RTD) over the six days as discussed later in this chapter.
Although heart rate is useful as an index of cardiovascular stress, and heart rate was 
decreased over the course of the six day heat acclimation program, it is unknown how practically 
beneficial this effect is. Blood pressure was not monitored during work bouts in the heat, and rate 
pressure product, which is an index of myocardial work load is unknown.
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Minute Ventilation
The VE30 was not different across test days when subjects walked in the heat while wearing FE,
F(5,30) = 0.449, p = 0.811. Mean VE (L min"') was 34.57 and 46.92 at the 5*'" and 30* minute on
day one. Mean VE (L min"') was 33.77 and 43.59 at the 5* and 30* minute on day six. Figure 5 
shows the minute ventilation averaged over the 30 minute work bouts in the heat.
Minute Ventilation Averaged Over 30 Mmute Woik Bouts m the Heat
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Figure 5. Minute Ventilation Averaged Over 30 Minute Periods
The lack of change in V E30 across the six days is in contrast to studies that have 
observed ventilatory adaptations during heat acclimation, training and the suggestions of authors 
that individuals wearing SCBA may develop positive ventilatoiy adaptations. Respiratory 
adaptations have been observed aAer heat acclimation, as assessed with walks in the heat while 
wearing NBC protective clothing (Aoyagi et al., 1994,1995, 1998). Respiratory adaptations are 
also well known to be present in endurance trained individuals that are not present in untrained
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individuals (Martin & Chen, 1982), and to occur with endurance training programs of several 
months (Robinson & I^eldgaard, 1982; Casaburi, Storer, & Wasserman, 1987) and as a result of 
short term (5 day) endurance training programs (Vincent et al., 2000). Respiratory patterns of 
frrefrghters differ from civilians when wearing SCBA during work (Donnovan & McConnell,
1999). These authors had previously proposed the ad^tation may be due to respiratory muscle 
loading (Donnovan & McConnell, 1998b).
Despite the evidence that respiratory adaptations may occur with short term training and
SCBA wear, no change in VE was observed over the six days. Subjects in this study appeard to 
be aerobically trained. The training stimulus provided by the 30 minute treadmill walk and FE 
may have not provided an adequate stimulus fbr adaptation. Ventilatory adaptations have been 
observed to be dependent upon heat acclimation program length (Aoyagi et al., 1995) and
subject’s physical fitness level prior to the heat acclimation program (Aoyagi et al., 1998).
Oxygen Consumption
The VO 2 30 was not different across test days when subjects walked in the heat while wearing 
FE, F(5,30) = 0.720, p = 0.614. Figure six shows the day to day responses fbr oxygen 
consumption. This agrees with previous studies that have examined oxygen costs after heat 
acclimation with (Aoyagi et al., 1995,1998) and without protective clothing (King et al., 1985; 
Kirwan et al., 1987). In contrast, the aerobic cost of submaximal exercise has also been reported 
to be lower after heat acclimation with NBC protective clothing (Aoyagi et al., 1994; McLellan & 
Aoyagi 1996), and lower without protective clothing (Sawka et al., 1983; Young 1985; Eichna et 
al., 1950; Robinson et al., 1941; Gisolfi 1973).
The relative aerobic cost of treadmill walks may not have changed over the six day heat 
acclimation program fbr reasons similar to those cited fbr minute ventilation. The training 
program may not have provided an adequate stimumulus fbr adaptation or the duration (six days)
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may have been too short to observe adaptation, or the sutÿects may have already adopted a most 
economical walking pattern on day one.
Oxygen Consnmptmn Averaged Over 30 Minute Work Bouts m the Heat
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Figure 6 . Oxygen Consumption Averaged Over 30 Minute Periods
Respiratory Exchange Ratio 
The RER30 was not different across test days when subjects walked in the heat while wearing FE, 
F(5,30) = 0.666, p = 0.652 (see Figure 7). The 5* and 30* minute group mean RER on day one 
was 0.90 (0.04) and 0.92 (0.05). The 5* and 30* minute group mean RER on day six was 0.88 
(0.07) and 0.90 (0.04). This is in contrast to an expectation that heat acclimation or endurance 
training may cause a reduction in RER (shift from carbohydrate to fàt metabolism) during 
exercise in the heat. Heat acclimation may return muscle metabolism during work in the heat to a 
state similar to that of conditions in temperate conditions. Previous investigators have observed 
reductions in RER, glycogenolysis and muscle lactate accumulation after short (7-9 day) bouts of 
heat acclimation (Febbraio et al., 1994a; King et al., 1985; Kirwan et al., 1987; Young et al..
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1985). Further, many longitudinal studies have shown that RER is lower after as compared to 
before training in subjects exercising at submaximal work loads (Coggan et al., 1990; Friedlander 
et al. 1997; Girandola et al. 1976; Hurley et al. 1986; Marin et al. 1993).
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Figure 7. Respiratory Exchange Ratio Averaged Over 30 Minute Periods
No difterence in RER30 in this study may have been observed as a result of the heat 
acclimation program design, or the duration and/or intensity o f the exercise heat stress sessions 
used to assess the effect o f the heat acclimation program. Thirty minutes may not be a sufBcient 
exercise period to observe heat acclimation or training induced shifts in substrate utilization. 
Ahlborg et al. (1974) have shown that progressive increases in free fatty acid (FFA) utilization 
was not observed until after an hour or more of exercise. However, Coggan et al. (1999) found
lower RER values during 30 min of exercise in trained men at 78% VOzpeat (0.94 ± 0.01) than in
untrained men at 79% VOzp«ak (0.97 ± 0.01). The suh^ects in this study exercised between 46 and
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53% VOzpeak. Brooks and Bergman (1999) observed that training decreased RER. only during
exercise intensities eliciting ^40% V 02 peak. Likewise, Jansson and Kaijser (1987), reported no 
significant differences in RER values between trained and untrained sut^ects exercising at 65%
V 0 2  peak. Alternately, the pre-exercise meal may have exerted an effect. Although subjects 
were asked to arrive at the lab, having not eaten fbr 4 hours, any fbod intake within 3 hours of the 
test may or may not have significantly influenced the RER30 (Coyle et al., 1985; Hurley et al., 
1986; Coggan et al., 1990; Montain et al., 1991; Martin et al., 1993; Coggan et al., 1995; 
Friedlander et al., 1997; Bergman & Brooks (1999).
Protective clothing wear may have abolished any training/heat acclimation effect on 
RER30. Aoyagi et al. (1995) observed a similarly high R E R  in response to walks in the heat while 
wearing NBC protective clothing (0.92-0.93) however observed no change in R E R  after a period 
training in the heat. The protective clothing may create a situation where sweat losses are high 
and dehydration occurs. Increases in Tsk and T^c, may also occur resulting in high skin blood 
flow. Dehydration coupled with high skin blood flow may reduce stroke volume and cardiac 
output, and compromise muscle blood flow. If  these conditions were met in the present study, 
compromised muscle blood flow may have fbrced a reliance on glycolysis resulting in a greater 
rate of lactic acid accumulation in the working muscle. This may have overshadowed any training 
effect on RER30.
The duration of training (in days, or minutes), or the duration of the work bouts in the 
heat used to assess RER changes may have influenced RER30. In the one protective clothing heat 
acclimation study that reported a reduction in RQ (Aoyagi et al., 1994), a shift did not occur 
during a short (six day) heat acclimation program [pre RQ=0.96 (0.12), post RQ=0.95(0.12)]. RQ 
was reduced after a longer (twelve day) heat acclimation program [pre RQ=0.93 (0.01), post 
RQ=0.88 (0.02)] (Aoyagi et al., 1994). The present study only provided heat exercise stress fbr
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six days, and no effect was observed upon RER. Thus, RER shifts may depend upon the duration 
o f training in terms minutes per day or total number of days.
Sweat Rate
Sweat rate was not different across test days when subjects walked in the heat while wearing FE, 
F(5,30) = 0.564, p = 0.727. Day to day SR responses are provided in figure 8 .
Sweat Rate Across Subjects and Days
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Figure 8 . Sweat Rate Across Subjects and Days
Many authors have observed increases in sweat rate (SR) day by day during heat acclimation 
(Piwonka, 1967; Shvartz et al., 1979; Nielsen, 1998). This increase in sweat rate is a well known 
and part of a larger classic adaptation know as a "sweat response". However, increases in SR are 
not always present despite decreases in final Tn* and heart rate during heat acclimation. Henane 
(1980) reviewed 55 major papers involving heat acclimation and 20 showed no change in whole 
body SR.
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In the present study, no change in SR may have been observed because sutgects wore 
protective ciothing. The FE most likely created a microclimate that was hot and wet (Muir,
Bishop & Kozusko 2001), resulting in a high degree of skin wettedness which may have 
suppressed sweat secretion (Brebner & Kerslake, 1963; Nadel & Stolwijk, 1973). When subjects 
in the present study removed the fire ensemble at the end of work bouts in the heat, the t-shirt and 
shorts were thoroughly wetted, and a substantial amount o f sweat had been absorbed in the inner 
layer of the protective clothing. Conversely, sweat rate has been observed to increase 
significantly after heat acclimation where subjects have worn NBC protective clothing and 
exercised in the heat (Aoyagi et al., 1994, 1995,1998; McLellan & Aoyagi, 1996; Cheung & 
McLellan, 1998; Chang & Gonzalez, 1999).
Subjects may have been preacclimatized (Piwonka et al., 1965) and SR may have already 
been maximal on day one. Subjects were sweating vigorously on both day 1; 1.87 (0.62) L-hour"' 
and day six; 1.85 (0.55) L hour" (see Table 5). Alternately, the heat acclimation program may not 
have been of sufficient number of days to induce increases in SR. Sweat rate increases may not be 
maximimal until 14 days (Armstrong & Maresh, 1991).
Sweat Sodium and Potassium Concentrations 
A trend to decrease sweat [Na"] over the six days was observed F(5,20)=2.349, p=0.078. Sweat 
was significantly reduced across the six test days, F(5,20)=2.956, p=0.037 (see Figure 9). 
These results agree with those of previous authors that the amount of electrolytes lost in sweat 
can be modified by heat acclimation (Dill, Hall, & Edwards, 1932; Daly & Dill, 1937; Robinson, 
& Robinson, 1954 ; Allan & Wilson, 1971; Kirby & Convertino, 1986). However, the decrease 
sweat [Na^ in the present study was much less than the 59% decrease in sweat [Na^ observed 
by Kirby & Convertino (1986). Although statistical significance was achieved, the changes in 
sweat [K’]  and [Na^ are so small they do not represent a practical benefit.
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Sweat Sodium and Potassium Concentrations
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Figure 9. Sweat Sodium Concentrations Across Subjects and Days
Rating of Perceived Exertion and Tbeimal Discomfort 
Subjects appeared to spend less of the 30 minute work bouts in the heat at the higher RPE levels 
with each consecutive day (see Table 31). However, the heat acclimation program did not exert a 
significant effect on RPE30 across the six test days, F(5,30) = 1.987, p = 0.109. The RTD30 was 
also not different across test days when subjects walked in the heat while wearing FE, F(5,30) = 
0.884, p = 0.504.
No change in RPE contrasts the one study which evaluated the eSect of a heat 
acclimation program on work in the heat while wearing NBC protective clothing. The authors 
observed significantly lower RPE values after a six day heat acclimation program (Aoyagi et al., 
1998). Figure 10 shows the RPE values fbr the group averaged over the 30 minute work bouts in 
the heat for days one to six. RPE may not have decreased in this study because the subjects were 
experiencing similar levels o f work day to day. Oxygen consumption was not significantly altered
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during the six day heat acclimation program. Since RPE has been observed previously to be 
strongly related to oxygen consumption, finding no change in RPE over the six day heat 
acclimation program is reasonable.
Rating o f Perceived Exertion & Thermal Discomfbrt Across Subjects & Days
RPE
RTD
Days
Figure 10. Rating of Perceived Exertion and Thermal Discomfort Across Subjects and Days
Observing no change in RTD (Figure 10) agrees with the results of Aoyagi (1998).
Rating of Thermal Discomfort did not decrease for individuals exercising while wearing NBC 
protective clothing after a six day heat acclimation program. Changes in RTD across the six day 
heat acclimation program may not have occurred fbr reasons similar to why RPE was not 
observed to change. RTD is strongly related to indices of thermal stress, and since no change in 
Tnc Tsk, or T^c-Tsk occurred, no change in RTD is expected.
Since increases in psychological strain, or impairment may increase an individual's risk 
of having a mishap during work (Enander & Hygge, 1990; Hancock, 1982), decreases in RPE and
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RTD may be important in reducing the risk of injury during structural fire suppression where FE 
is worn. The reduced risk may occur by decreasing the cognitive impairment associated with heat 
stress (Wyon, Andersen & Lundquist, 1979; Curley & Hawkins 1983; Sharma, Pichan & Panwar, 
1983; Tananka et al., 1987; Cian et al. 2001) This risk may be especially high during work in 
emergency settings while wearing protective clothing. However, statistically significant 
improvements in RPE and RTD were not observed during the six day heat acclimation program. 
Although RPE and RTD did not decreases significnantly, this study provides evidence that RPE 
and RTD may be used as indices of thermal and work stress across days. Correlations fbr RPE 
and measures of work stress, and RTD and measures of thermal stress are provided later in this 
chapter.
Possible Mechanisms for the Heat Acclimation Program Effects 
Although statistically significant changes were observed across days one to six in heart rate and 
sweat composition, these changes are small and probably do not represent a practical benefit. 
When these limited physiologic adaptations are considered against the finding that no significant 
adaptations occurred in any other physiologic measure (Tn», T^c-Tsk, V 02, RER, SR) or 
psychological index of work stress (RPE or RTD), the assessment is that heat acclimation did not 
occur through this six day program of 30 minute work bouts in the heat and the null hypothesis is 
accepted. In contrast, previous investigations have observed heat acclimation to be effective in 
improving physiologic and psychological responses during exercise in both CHS and UHS 
environments. Several 6ctors may have lead to the finding of no effect of a heat acclimation 
program and these factors may have each operated in its own way, or may have produced a 
similar result of no effect on rectal temperature, heart rate, sweat rate, oxygen consumption, and 
respiratoiy exchange ratio. These factors include: wear of protective clothing and the garment 
characteristics, number of and individual subject physical characteristics, subject's state of 
acclimatization, and heat acclimation program design.
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No improvement in cardiovascular and thermal responses may have been observed 
during the present study because subjects wore protective clothing. Heat acclimation has been 
observed to occur and provide a benefit during work while wearing NBC protective clothing. 
However, in the present study, subjects wore fire protective clothing. Nunnelley (1989) suggested 
that heat acclimation increases in sweat during work in protective clothing may actually be a 
negative adaptation, since evaporation is limited, and the increased sweat rate only serves to more 
rapidly dehydrate the worker. Chang & Gonzalez (1999) observed that the benefit o f heat 
acclimation is strongly dependent upon the evaporative potential (EP) of the garment. The authors 
reported that when the EP is < 15%, heat acclimation affords no benefit.
Alternately, beyond some metabolic rate threshold, the cardiovascular and thermal stress 
experienced while wearing protective clothing may be independent of heat acclimation. The 
work rate in the present study was greater than those reported by previous authors that had 
observed heat acclimation programs to reduce the thermal and cardiovascular stress of work 
while wearing NBC clothing; Aoyagi (1994): 42-51%VO?n«,. Aoyagi (1995): 23 %VO?n,«. 
Aoyagi (1998): 42-51% or 23 %VO?m.T. McLellan and Aoyagi (1996): 14-15ml/kg/min, Cheung 
and McLellan (1998): 3.5 km/h and Chang and Gonzalez (1999) 1.34 m/s. Since metabolic rate 
was higher in the present study, heat and sweat may have arrived at the inner surface of the fire 
protective clothing at a rate beyond the garment's capacity fbr heat and sweat vapor transfer. 
Aoyagi et al. (1994) observed that heat acclimation had no effect on tolerance time during work 
while wearing NBC clothing. Aoyagi et al. (1995) proposed that the finding of no effect in their 
previous study (Aoyagi et al., 1994) was probably a result of the exercise intensity (42-
51 % VOanxx), and that benefits from heat acclimation might be observed if the intensity of 
exercise was "low enough to allow permeation of the heat acclimation induced increase of sweat 
secretion through the protective clothing". By decreasing the exercise intensity to 23%VO?m.v. 
Aoyagi et al. (1995) observed longer tolerance times 97-102 minutes versus 47-52 minutes
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observed by Aoyagi et al. (1994). Aoyagi et al. (1995) concluded that by adopting a schedule of
light intermittent exercise (< 25 % V02ma%) tolerance time is extended, and the improvement is 
related to providing time fbr mass flow of sweat through the NBC protective clothing layers.
Statistical significance may have not been observed because the number o f subjects was 
apparently small. However, studies demonstrating statistically significant improvements in 
cardiovascular and thermal responses while wearing NBC protective clothing after heat 
acclimation programs have used similarly small numbers of subjects. (Aoyagi et al. 1994 A =  7, 
McLellan & Aoyagi (1996); A  =7-8, Aoyagi et al. (1998); N =  6-9, and Chang & Gonzalez 
(1999); Af=10.
Results in the present study may diverge from previous NBC protective clothing heat 
acclimation studies due to differences in the subjects’ physical characteristics. Aerobic fitness and 
percent body fat are known to influence physiologic responses during work while wearing 
protective clothing (Cheung & McLellan, 1998; Selkirk & McLellan, 2001). The group means fbr 
individual subject characteristics fbr protective clothing heat acclimation studies (Aoyagi et al. 
1994, 1995,1998; McLellan and Aoyagi 1996; Cheung and McLellan 1998; Chang and Gonzalez, 
1999) are provided in appendix 1, Table 41. No real differences appear to exist in the subjects 
physical characteristics (age, height, weight, body sur&ce area, or aerobic fitness).
Subjects in the present study may have been preacclimated by outdoor heat exposure. By 
being preacclimated, little or no effect o f the heat acclimation protocol would have been 
observed. The present study was carried out between 19 June and 10 August, 2002 and the 
average daily outdoor temperature in Las Vegas, NV ranged between 96 and 111 F (NOAA, 
2002a, b, c). Although the subjects agreed to not work or play outdoors during the study, by June 
19, the subjects had most likely already been exposed to work and/or recreation in the heat, 
resulting in at least some preacclimation. In contrast, subjects in NBC protective clothing heat 
acclimation studies (Aoyagi et al. 1994, 1995, 1998; McLellan & Aoyagi, 1996; Cheung &
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McLellan, 1998) were most likely not preacclimated by outdoor environmental heat. These 
subjects were heat acclimated occurred during winter and early spring (See Appendix I, Table 
32).
Attaining a V02p«ak o f (52.5±6.3 ml ' - kg ' min"') most likely requires intense weekly 
training. Tn% may have been elevated during intense exercise even in a cool environment, 
resulting in a heat acclimated state prior to enrollment in the present study. Piwonka et al., (1965) 
suggested that the preacclimatized state of trained men probably resulted form daily elevations of 
central temperature during strenuous workouts. However, Piwonka & Robinson (1967) observed 
subjects that had appeared to be preacclimatized and respond well to a 40°C db, 23.5 °C wb 
environment to demonstrate adaptation to a more severe heat (50°C db, 28°C wb).
The heat acclimation program may have not provided an the most optimal or adequate 
stimulus to evoke adaptation. Specificity o f training applies to the type of hot environment used 
during heat acclimation programs. Improvements in Ti«c and heart rate following heat 
acclimation are greater when both the acclimation and test environments are similar (Fox et al., 
1967; Shvartz et al., 1973; McLellan et al., 1996). During HA subjects in the present study 
subjects wore structural fire protective clothing which most likely created a hot wet environment 
(Muir, Bishop & Kozusko 2001) and since subjects in the present study were trained and tested 
within the same environment (hot wet), it was expected that the potential improvement in Tn« 
and HR would be greater than that observed by Aoyagi et al. (1994,1995, 1998), where subjects 
exercised while wearing shorts and t-shirts (a hot diy environment) during the heat acclimation 
program, and testing pre and post heat acclimation was done wearing NBC protective clothing.
Daily treadmill walks may not have been of sufficient duration to produce the required 
magnitude, or duration of rise in Tn« to evoke heat adaptation. The group mean change in T^c 
during the 30 minute walks o f the present study was (mean, sd). This change in Tn% may have 
been less than, those observed during NBC clothing heat acclimation studies (Aoyagi et al. 
1994,1995,1998; McLellan and Aoyagi 1996; Cheung and McLellan 1998) that have observed a
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positive effect on Tn«, and HR after heat acclimation program during work while wearing NBC 
protective clothing. Unfortunately the magnitude of difference is unclear. Of the previously cited 
protective clothing heat acclimation studies, only two reported daily change in 7̂ %; during heat 
acclimation. The group mean average elevations in Tne were 1.38±0.10°C and 1.21±0.08°C fbr 
the HW and HD groups respectively in the study by McLellan (1996). Cheung and McLellan 
(1998) indicated the intensity was set in their study where subjects attained ^ 1.5 °C TnK on the 
first day of acclimation. Alternately the duration of the test may not have been sufficient duration 
to observe a heat acclimation effect. The daily heat exercise training periods in the present study 
were shorter than all other NBC heat acclimation studies (Aoyagi et. Al., 1994, 1995,1998; 
McLellan & Aoyagi 1996; Cheung & McLellan 1998; Chang & Gonzalez 1999). Subjects in the 
present study were removed from the heat at 30 minutes. Subjects in other studies walked to 
exhaustion with tolerance times ranging 32-68 minutes (Aoyagi 1994), 97-120 minutes (Aoyagi 
1995), 120.4-130.3 (McLellan 1996), 47-52 minutes (Aoyagi 1998), and 80.6-115.6 (Cheung and 
McLellan 1998). Since the duration of the walks were shorter in the present study, the time during 
which T^c was elevated was also less. Counter to these possibilities that the heat and exercise 
elevations in Tn*. were not of sufficient duration is the observation by Houmard et al. (1990). The 
authors compared two 9 day heat acclimation programs. Both were done during CHS conditions.
Both protocols (50% VO?m»fbr 60 min/day, or 75% VO?n,«fbr 30-35 min/day resulted in 
significantly lower heart rates and Tn» at the end as compared with die beginning of protocol, 
with no differences between protocols. Gill, and Sleivert (2001) also observed significant 
reductions in T^c, HR, Tsk, and RPE during a 10 day heat acclim ation program where
subjects exercised fbr 30 m in per day at 70% VO^peak m  an environmental cham ber 38°C 
and 70% r.h..
The duration of the individual heat/exercise test periods (30 minutes) may also had a role 
in the finding of no effect. Several NBC heat acclimation studies did not observed significant
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effects until late in the heat and exercise exposures (Aoyagi 1995, McLellan and Aoyagi 1996; 
McLellan and Aoyagi 1996). For example Aoyagi (1995) did not observed a significant 
difference between the pre and post heat acclimation states fbr the rate of rise in until 100- 
105 minutes.
Acute Effects of Heat Work And Fire Ensemble 
Rectal Temperature
T ^  increased throughout each woik bout in the heat while wearing fire protective ensemble (see 
Figure 11). On day one, at the onset of exercise the mean Tne was 3724 (0.26) °C which is within 
the range of a normal core temperature at rest (McCance & Hurther, 1998; Guyton & Hall, 2000), 
and at the end of the 30* minute the T ^  was 38.23 (0.23)°C. On day six, at the onset o f exercise 
the Tree was 37.02 (0.37)°C and at the 30* minute Tree was 37.85 (0.24)°C. (See Figure 10).
From visual inspection, T^c appeared to make an abrupt increase between the 15* and 20* 
minute. Tree appeared to increase at a greater rate during the 15-30 minute period as compared 
with the 0-15 minute period, and no plateau was observed.
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Figure 11. Rectal Temperatures Across Subjects & Days
Tmc increased during the work bout in the heat since subjects were walking at 46-53% of their 
VOzpeak in a 40°C environment while wearing fire ensemble (FE). The increase in T^: is 
expected. The observation of no plateau is contrary to the changes in Tree during dynamic exercise 
as described by Sawka and Wenger (1988); initially rapidly increasing core temperature which 
then increases at a less rapid rate as heat loss begins to equal heat production. The most likely 
explanation fbr this difference is that subjects in Sawka and Wenger (1988) exercised in a 
compensable heat stress (CHS) environment, and subjects in the present study wore protective 
clothing which created an uncompensable heat stress (UHS) environment. Trœ continued to rise at 
an increasingly greater rate fbr each successive 5 minute interval, with no plateau. This suggests 
that the combination of heat, work, and FE in the present study represents an UHS environment 
(maximal evaporation < required evaporation). Under these conditions individuals continue to 
store heat until exhaustion occurs (Givoni & Goldman, 1972; Sawka et al., 1992).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
112
Heat balance is only possible when the metabolic and environmental heat gains are 
matched by an outward flow of heat from the body. The total effect of these heat gains and losses 
result in either a positive or negative heat storage (±S). These gains and losses can be 
conceptualized by the heat balance equation: ± S = M- (±W) ± K ± C ± R ± E. In the present 
study, heat storage (+S) occurred as evidenced by a rise in core temperature and several factors 
may have contributed to storage (+S) as outlined below. The first reason heat storage and a rise in 
TiM may have occurred is that the environment presented a heat load to the subjects; subjects 
walked in a 40° C, 20-22% r.h. environment. Since the environmental temperature was greater 
than body temperature, heat may have been transferred from the environment to the subject by 
convection (C), radiation (R), and conductance (K). The amount of influence the environmental 
heat had on heat storage during the 30 minute work bouts is unknown since the subjects were 
wearing thick, multilayered protective clothing which may have reduced the environmental heat 
load. Second, since potential heat loss by C,R, and K may have been compromised by the 
ambient temperature being higher than body temperature, heat loss may have been more reliant 
on evaporation (Robertshaw & Finch, 1984). However, in the present study, multilayered 
protective clothing was worn and appeared to create a UHS environment. Protective clothing is 
known to obstruct evaporative cooling by interfering with the skin to environment interface. 
(Craig & Moffit, 1974; McLellan, et al., 1996; Nunnelley, 1989), and creating a hot humid 
environment (Muir, Bishop & Kozusko 2001) which interferes with evaporative efficiency 
(Berglund & Gonzalez, 1977; McLellan, 1993a). Third, subjects produced heat metabolically 
(+M). Walking at 46-53 % VOzpeak on the treadmill with the added weight of the fire protective 
clothing and SCBA required considerable muscular work.. It has been previously observed that 
the steady state T^c is dependent upon the metabolic rate, or the relative exercise intensity 
(Nielsen & Nielsen, 1962 as cited in Blatteis, 1998; Saltin & Hermannsen, 1966) fbr work in the 
heat without protective clothing. Metabolic rate is also an important determinant of the rate o f rise 
in TnK during work while wearing clothing protective against NBC threats. McLellan and Frim
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(1994) observed that during work at metabolic rates above 15 to 20 mbkg'^'min ' while wearing 
NBC protective clothing, the ambient temperature and humidity had less of an effect on Tn* and 
tolerance time than the metabolic rate.
Dehydration may have contributed to an elevation in T^c. During the 30 minutes of 
exercise, the subjects lost an average of 0.96+/-0.3 kg, which was 1.3 (0.3) % of body weight. 
Studies have shown that dehydration will elevate core temperature during exercise in the heat 
even without protective clothing (Adolph, 1947; Eichna et al., 1945; Ladell, 1955; Pitts et al., 
1944; Rothstein & Towbin, 1947). Dehydration, has also been observed to impair work tolerance 
while wearing protective clothing (Cheung & McLellan, 1998; Latzka et al., 1998 ; McLellan et 
al., 1999; McLellan et al., 2000). The slight dehydration observed in the present study may have 
magnified the elevation in Tn%. Ekblom et al .(1970) observed that a water deficit of 1% body 
weight elevates core temperature during exercise. Savrica et al. (1985b) reported an increase of 
"0.15°C when body weight decreased 1% during exercise heat stress.
Tmc responses observed during the current study are similar to other studies examining 
the acute effects of work while wearing FE (Faff & Tutak., 1989; Baker et al., 2000) despite 
differences in FE, work intensity, and ambient temperature. For example, Faff  ̂and Tutak (1987)
required subjects to ride a cycle ergometer for 30 minutes at 51% VOzmsx, wearing Polish 
standards FE in a 39°C, 70% r.h. environment. The authors observed T^c to increase 0.7°C.
Baker et al. (2000) required subjects to walk fbr 30 minutes on a treadmill at 61 % VCkn.v 
wearing United Kingdom standards FE in a 21 °C, 55% r.h. environment and observed a 0.8 °C
increased in T^c. The present study utilized a 40°C, 20-22% r.h. environment, 50-60% VOzpeak 
workload, and an average increase of 0.96°C was observed. Despite differences in fire 
protective clothing, work rate, and ambient temperatures, similar T^c responses may have been 
observed because beyond a certain level of clothing insulation or work rate, differences in Tr^ 
response are small. Cheung et al (2000) suggested that the biophysical interactions between
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clothing, ambient environment and physiology are similar across military, occupational and 
athletic protective clothing, implying that many different protective clothing ensembles behave as 
UHS environments. For example, at high metabolic rates, responses to work while wearing 
clothing protective against nuclear, biological, chemical (NBC) agents is more dependent upon 
the metabolic rate than the ambient dry and wet bulb temperatures. (McLellan, 1993; Montain et 
al., 1994; McLellan & Frim, 1994). McLellan and Frim (1994) reported a curvilinear relationship 
between tolerance time and average metabolic rate during work in the heat and full encapsulation 
in NBC protective clothing. Tolerance times converged at approximately 45 minutes during work 
at 20 ml ' k g ' - m m ' for a 30°C (50% ih) environment (McLellan et al., 1993b), 40 °C (30%rh) 
environment (McLellan et al., 1992), and a 40°C (50%rh) environment (McLellan 1993c).
The core temperature data in the present study suggests the subjects may have been near 
fatigue. It is well known that during exercise in the heat, attainment of a critically high core 
temperature results in fatigue during exercise in a hot dry environment (Nielsen et al., 1993) and 
while wearing protective clothing (Gonzalez-Alonso et al, 1999b; Cheung & McLellan, 1998a). 
Endurance-trained subjects have been observed to fatigue during work in the heat when T ^  
approached 40°C (Nielsen et al., 1993; Nielsen et al., 1997). In the present study the mean final 
rectal temperature across days was 38.06 (0.28) with a range of 37.40 to 38.60°C. This 1.2°C rise 
in Tree may be well tolerate during exercise in a CHS environment. However, other investigators 
have observed subjects exercising in the heat while wearing protective clothing to stop exercise 
due to fatigue/exhaustion at core temperatures, similar to those observed at the 30th minute in the 
present study. Latzka et al. (1998) observed that exhaustion from heat strain occurred at a mean 
core temperature o f 38.7 ± 0.2°C. Montain et al. (1994) observed sul^ects wearing protective 
clothing and exercising at a variety of intensities and climatic conditions (all UHS), to 
discontinue exercise due to exhaustion at 38.6± 0.2°C. Subjects walking in the heat while 
wearing protective clothing at light and heavy exercise stopped exercising at T^, (38.74-38.90) 
and (38.69-38.74) respectively (Cheung et al., 1998). The integration of these observations
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suggest that guidelines Ibr maximal allowable core temperatures should be adjusted based on 
whether the work is done in a CHS or UHS environment.
Skin Temperature
Mean skin temperature (Tsk) increased throughout the 30 minute work bouts in die heat 
for all subjects on all days (see Figure 12). The mean initial and final Tsk across all six days were 
34.45 (0.45) and 37.56 (0.27) respectively. Tsk responses to work, heat, and FE wear appear to 
have two phases; an initial fast phase, with a rapid rate of rise in skin temperature, and then a 
slow phase with a more gradual rate of rise in skin temperature.
Average Skin Temperatures Across Subjects & Days
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Figure 12. Skin Temperature Across Subjects & Days
Elevated skin temperatures have been observed in individuals working while wearing FE and 
NBC protective clothing under a variety of thermal and woik conditions and the Tsk values 
observed in the present study agree with those of previous studies (Skoldstrom 1987; Dimcan, 
Gardner, & Barnard, 1979). For example, Skoldstrom (1987) required subjects to walk on a 
treadmill for 60 minutes with or without FE. Walking with or without FE, the relative workloads
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
116
were 20 or 30% V0?«,«. Walks occurred in either a cool (15°C) or hot (45°C) environment. 
When subjects walked in the cool environment without FE, or with FE, Tsk was 31.5, and 35°C 
respectively. When subjects walked in the heat without FE, or with FE, Tsk was 36.8, 38.2°C 
respectively. Higher levels o f heat and work, yielded greater increases in Tsk. Furthermore, the 
initial and final Tsk values o f the present study 34.45 (0.45) and 37.56 (0.27) seem to be similar 
to those reported for work while wearing NBC protective clothing at nearly equivalent work
rates. Aoyagi etal. (1994) required sutjects to walk at 42-51% VO?n,.T in a40°C, 30% r.h. 
environment and mean Tsk was "36.5-37°C at 30 minutes.
In general, protective clothing interferes with dry heat loss pathways (R, C, K) by 
insulation; air trapping between clothing layers, and interferes with evaporative heat loss (E) by 
reducing the potential for evaporation of sweat from skin (Holmer, 1995; Sullivan & Mekajavic, 
1992; Craig & MofRtt 1974; Kenney et al., 1987; Katisuba et al., 1988). Since protective clothing 
interferes with heat loss from the skin to environment, the rise in Tsk is expected.
Core to Skin Temperature Gradients 
Rectal to skin temperature gradient (T^c-Tsk) narrowed throughout each 30 minute work bout in 
the heat (see Figure 13). The narrowing in T^c-Tsk reflects changes in T ^  and Tsk. Although Tsk 
increased rapidly during the first 15 minutes, Tn» increased only gradually during the first 15 
minutes. Therefore, a large reduction in the T^e-Tsk gradient was observed during the first 15 
minutes. During the second 15 minutes T^c increased more rapidly, however, Tsk was increasing 
in a manner that paralleled Tn%; and the although the T^-Tsk gradient continued to decrease, it 
decreased at a much less rapid rate.
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Trec-Tsk Temperature Gradients Across Subjects & Days
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Figure 13. Tn^-Tsk Temperature Gradients Across Subjects & Days
This pattern of response can be attributed to the dependence of heat loss upon a gradient between 
rectal, skin, and ambient temperature. For dry heat loss (R, C, K) to occur from the subject to the 
environment, core temperature (in this case T^c), should be greater than Tsk, and Tsk should be 
greater than the environment. Additionally, no barrier to heat flux from the skin to the 
environment should be present. If these conditions are met, heat should flow down hiU &om the 
core to the environment. The wider the gradient, the greater the rate of heat loss.
In the present study, FE inhibited the loss of heat to the environment by interfering with 
all forms of heat loss (R,C,K, and E). However, since the subjects were working in a hot 
enviromnent, the greatest impact was most likely on evaporative heat loss. Conduction, 
convection, and radiation were most likely sources of heat gain. Since heat was not leaving the 
skin, the skin temperature increased and reduced the T^^-Tsk gradient. Reduction in heat loss 
resulted in heat storage, and T ^  increased.
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Tiec-Tsk gradients narrowing and the final values (0.38-0.59) observed in this study were 
similar to those previously observed during work in similarly hot environments while wearing 
fire protective clothing (White & Hodous, 1987; Skoldstrom, 1987) and NBC protective clothing 
(Aoyagi et al. 1994,1995,1998). T^c-Tsk gradient narrowing observed in the present study may 
have, contributed to fatigue. lampietro and Goldman (1965) suggested that when the difference 
between the Tsk and T^c approached 1 °C, tolerance time would be limited, and Pandolf & 
Goldman (1978) have proposed that convergence of Tsk on T^c rather than any absolute value of 
Tne or heart rate predicts tolerance limits for subjects who are working under conditions where 
evaporative cooling is minimized. Furthermore, thermal discomfort resulting form the 
combination of a Trec-Tsk difference of < 1C and a wetted skin area of > 40% has also been 
observed to reduce tolerance times (lampietro & Goldman, 1965; Pandolf & Goldman, 1978; 
Goldman, 1985, 1988). At the end of exercise, subjects in the present study had (Tn%-Tsk) 
gradients of 0.51 °C (0.07) and had fully saturated their jogging shorts, t-shirt, and sweat had 
begun to saturate the inner layer of the protective clothing. Although disagreement may exist 
regarding Tr^-Tsk convergence (Nunneley et al., 1992), in the present study, the T^c-Tsk was 
narrowed, limiting the transfer of heat from the core to the skin and then to the environment, 
leading to heat storage and an increase in T^^ which would have eventually caused subjects to 
discontinue work.
Heart Rate
Heart rate increased throughout each work bout in the heat (see Figure 14). The final group mean 
heart rates across subjects and days was 166 b min range (150-182). Other investigators have 
observed similar elevations in heart rate as a consequence of work while wearing fire protective 
clothing. Final heart rates in response to walking on a treadmill (Baker et al., 2000; Faff & Tutak, 
1989; White & Hodous, 1987) and after stepping (Duncan, Gardner, & Barnard, 1979).
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Heart Rate Across Subjects & Days
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Figure 14. Heart Rates Across Sutgects & Days
The magnitude of the increase in heart rate observed in this study is in part related to the 
work rate. It is well known that heart rate is linear with exercise intensity. During prolonged 
whole body rhythmic exercise that is submaximal, a substantia] portion of energy is a result of
aerobic metabolism. Therefore oxygen delivery must increase to the contracting skeletal muscle
with increasing work. To meet the oxygen demands of the muscle (V O ;), both the arterial venous
oxygen difference (a- v )0 ;d iff) and cardiac output ( ( ) )  may increase. Increases in Q are a result
of both increases in stroke volume (SV) and heart rate (HR). These relationships are well defined
by the Pick equation [V 0;=  Q x (a-v)02diff], and the equation: () = SV x HR (McArdle,
Katch, & Katch, 1996). Therefore, the rise in heart rate achieved during the present study is 
proportional to work. Subjects walked on a treadmill while wearing fire protective clothing and 
SCBA. Both the treadmill walks, and the protective clothing imposed work upon the subjects. 
Wearing protective clothing increases the metabolic cost of the locomotion through added weight
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of the garment and SCBA (Aoyagi et a)., 1994; Smolander, et al., 1991; Duncan, Gardner, & 
Barnard, 1979; Skoldstrom, 1987) and the resistance to joint motion due to the bulkiness and 
stiffness of the fire protective clothing and frictional resistance between layers of the clothing 
(Teitlebaum & Goldman, 1972; Duggan, 1988: Patton et al., 1995; Murphy et al., 2001)
It is generally accepted that, in response to work, heart rate should rise up to a point and 
level off within ^proximately three minutes during constant load work below the gas exchange 
threshold (Riley & Cooper, 2002). However, in this study, heart rate continued to rise with no 
apparent leveling off throughout the 30 minute walks. This rise in heart rate with a heavy (70-
80% VOztnax) constant external work is part of a phenomenon known as cardiovascular drift 
which includes a gradual decrease in stroke volume (SV) and a progressive reduction of arterial, 
pulmonary arterial, and right ventricular end-diastolic pressures (Rowell, 1974). While stroke 
volume decreases progressively during prolonged upright exercise in temperate conditions, heart 
rate increases to maintain cardiac output. (Ekelund & Holmgren, 1967; Saltin & Stenberg, 1964).
Several mechanisms may have reduced stroke volume leading to an increase in heart rate 
and the observation of cardiovascular drift in the present study. 1) Subjects walked in an upright 
posture for 30 minutes on a treadmill. Previous research has observed that stroke volume may be 
reduced by pooling of blood in the periphery due to upright exercise (Bevegard et al., 1963; 
Frangolias et al., 2000), and upright posture (Gauer & Thron, 1965). 2) During exercise in the 
heat, stroke volume may be reduced by redistribution of a blood flow to the periphery by 
increased skin blood flow (Rowell, 1974). In the present study subjects wore protective clothing 
which is known to interfere with heat fluxes between skin and the environment (Gonzalez R, 
1988; Holmer, 1995; Shitzer & Chato, 1985). As a result o f the protective clothing wear, Tn» 
increased from 37.08 (0.28) to 38.06 (0.28) and Tsk increased from 34.4 (0.47) to 37.6 
(0.29). Increases in both core and skin temperature are known to dilate superficial veins which lie 
in the cutaneous tissue and skin (Webb-Peploe & Shepherd, 1968; Wenger & Roberts, 1980;
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Sawka & Wenger 1988). Additionally, direct heating of the skin by the environment may have 
dilated the cutaneous blood vessels (Johnson et al., 1986; Wenger, Stephenson & Durkin, 1986). 
Since both T^c and Tsk increased, and the final T^c was 38.06 (0.28), and environmental heat 
was present, skin blood flow may have been maximal Skin blood flow increases in response 
to increases in Tree and Tsk, and is known to plateau at or above a core temperature of -38°C 
(Brengelmann et al., 1977; Nadel et al., 1979; Savard et al., 1988; Taylor et al., 1984; as cited in 
Pawelczyk, 2001). Skin blood flow may have reduced stroke volume resulting in a compensatory 
increase in heart rate. 3) Blood volume, venous return, and stroke volume may also be 
compromised by thermal sweating, dehydration, and/or hyperthermia (Rowell et al, 1966; 
Gonzàlez-Alonso et al. 1995, 1997, 1998,1999a, 2000).Subjects in this study became dehydrated, 
and Tree increased. During the 30 minute walks, water was restricted, and sweat losses were mean 
(SD)  32.1 (9.7) g/min resulting in a 0.96 (0.30) kg change in body weight in 30 minutes. 
Alternately, stroke volume may have decreased by an increase in heart rate (Fritzsche et al., 1999; 
Johnson, 1987). By decreasing ventricular filling time (Sheriff et al., 1993), increases in heart rate 
can decrease end-diastolic volume and stroke volume (Bevegârd et al., 1967; Ross, Lindhart, 
Braunwald, 1965; Sheriff et al., 1993). Finally, 4) the rise in heart rate may have been related to 
the direct effect of a rise in body temperature on the sinus node (Rubin, 1987).
Minute Ventilation
Minute ventilation ( VE) increased progressively during each work bout in the heat, with no 
plateau observed (see Figure 15). Mean VE (L-min ') was 34.57 and 46.92 at the 5"̂  and 30* 
minute on day one. Mean VE (L-min"') was 33.77 and 43.59 at the 5* and 30* minute on day six.
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Minute Ventilation Across Subjects & Days
60.00
50.00
40.00
I
j
g  30.00
-0—day 1 
D day 2 
Û day 3
20.00
10.00
X day 5 
-s— day 6
0.00
0 105 15 20 25 30
Time (minutes)
Figure 15. Minute Ventilation Across Subjects & Days
Minute ventilation should increase in response to increases in work. However, if VE 
increases out of proportion to oxygen consumption, the excessive ventilation may add
unnecessary energy cost to the task and impair performance (Aaron et al., 1992; Harms et al.
1997, 1998). Conversely reductions in VE and improvements in respiratory muscle mechanical 
efficiency or resistance to fatigue may be important in improving locomotion performance as has 
been observed when respiratory work has been reduced (Harms et al. 2000).
The increase in VE during the work bouts in the heat were related to work, and may 
have also been affected by SCBA wear, and heat. SCBA wear is known to alter pulmonary 
ventilation, increase the work o f breathing, and alter gas exchange during exercise through 
positive pressure breathing and the weight of the SCBA. In the present study, disturbed 
pulmonary ventilation, may have occurred due to the shoulder harness of the heavy SCBA 
(Wilson et al., 1989; Louhevaara et al., 1984; Louhevaara et al., 1986). Loads carried in backpack
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systems have also been observed to interfere with pulmonary ventilation (Legg & Mahanty, 1985;
Muza et al., 1987) and to induce drifts in VO; and VE during treadmill walks (Patton et al., 
1991)
VE may also have been disturbed by the chemical state of the blood. Subjects in the 
present study may have been working at or above their lactate or ventilatory thresholds which is
known to result in increases in VE as the respiratory system buffers lactic acid (Farrell & Ivy. 
1987; Casaburi et a. 1987). MacDougall et al. (1974) observed that subjects had larger minute 
ventilations when exercising in a hot as compared with a cool environment. Increases in body 
temperature directly stimulate the respiratory center neurons (McArdle, Katch & Katch, 1996)
Oxygen Consumption
The observed VO; values for walks in the heat while wearing FE in the present study (see 
Figure 16) were greater than that predicted by the ACSM metabolic equation for walking at 3 
mph, 4% grade, 17.33 ml/kg/min. The actual mean oxygen uptakes during walks at the 5* and 
30*'' minutes were 24.61 and 28.02 ml kg 'min"' which represented 29.6 and 38.15 % difference 
(see Figure 15). This agrees with previous reports of 27-33% greater oxygen costs for treadmill 
walking with fire ensemble than without wearing fire ensemble (Smolander et al., 1991; Duncan 
et al., 1979; Skoldstrom, 1987).
Carrying SCBA alone has been observed to increase energy cost of locomotion 
(Louhevaara et ai. 1986; Raven et al. 1977). Although the subjects in this study did not wear the 
SCBA mask during exercise, the weight of the SCBA on the thorax may heave increased the 
energy cost of breathing. Louhevaara (1985) observed that the shoulder harness of the heavy 
SCBA prevented free motion of the thorax, affecting the regulation of breathing, and thus 
seriously disturbed ventilation and gas exchange, particularly at heavier exercise levels.
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Oxygen Uptake Across Subjects & Days
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Figure 16. Oxygen Consumption Across Subjects & Days
The bulkiness and stiffness of the fire protective clothing and frictional resistance 
between layers of the clothing may also increase oxygen costs (Teitlebaum & Goldman, 1972; 
Duggan, 1988: Murphy et al., 2001; Patton et al., 1995; Aoyagi et al., 1994).
Ambient heat may have affected oxygen uptake during the treadmill walks. Oxygen 
consumption has been reported to be higher in the heat as compared with temperate or cold 
conditions (MacDougall et al., 1974; Nielsen et al., 1990; Young et al., 1985; Galloway & 
Maughan, 1997).
Oxygen consumption increased progressively during work bouts in the heat (See Figure
15). The mean VO2 across days at the 5*̂  minute was 24.61 ml'kg"'*min'^ and 28.02 mbkg'^'min" 
 ̂at the 30^ minute, a rise o f 14 (range 10-21) % over 25 minutes. This phenomenon has been
referred to as VO2 drift (Casaburi et al. 1987; Kalis et al. 1988; Westerlind et al. 1992). The
increase in VO2 this study was approximately twice as large as VO2 drift observed during much
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longer exercise periods, where the subjects have been lightly clothed and exercising at workloads 
that were equal to or greater than the workloads in the present study (Bassett et al.,1987;
Hamilton et al.,1991). The larger VO2 drift in the present study may be related to load carriage. 
During treadmill walks, (3.0 mph 4% grade) fire protective clothing and SCBA was worn. The 
total weight was 23.63 (0.07) kg. This equipment was 32%, range (25-40%) of the subjects' body
weight. Several studies have observed a gradual rise in VO2 during treadmill walks while 
carrying similar loads in backpacks (Gordon 1983; Epstein et al., 1988; Patton et al.,1991). In the
present study, oxygen costs as a%  V02peak during the 5*̂  and 30''' minute were 49 (11)% and 53
(5) % for the first day. VO2 during the 5* and 30''' minute were 46 (8) % and 53 (11) % V02peak 
for the 6"' day. The integration of the results of the present investigation and previous studies
support the notion that VO2 drift occurs when the relative intensity is greater than 50% VCbm».
The increase in VO2 may have also been related to fatigue. Although not quantified, 
subjects were observed to occasionally misstep during the later portions of the 30 minute walks. 
Fatigue (Brueckner et al., 1991) and altered gait biomechanics (Candau et al., 1998) may have 
contributed to the rise in oxygen consumption. As oxygen costs increased in this study, sutÿects
were working at a greater percent of peak VO2, with greater relative cardiovascular strain, and a 
greater absolute metabolic rate adding to the thermal stress. With greater work and thermal stress, 
gait biomechanics may have been increasingly disturbed setting up a positive feedback system, 
ultimately compromising performance.
Respiratory Exchange Ratio 
During exercise both carbohydrate and fat &om the diet may serve as substrates for energy 
metabolism, as the in tensif o f work increases the respiratory exchange ratio (RER), calculated as 
RER = CO2 production / O2 consumption in increases; a shift &om fat to carbohydrate oxidation 
occurs, and changes can occur in the relative contribution of fat or carbohydrate to energy needs
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during work after training (Goedecke et al., 2000). In the present study, during work bouts in the 
heat, RER achieved a fairly steady state, with no real change over time (see Figure 17).
The magnitude of the RER appears to be greater than expected for subjects working at
46-53% VO^Kak. However, since subjects were exercising in the heat increases in RER are 
expected. RER may be gerater during work in the heat than at cooler temperatures (Fink &
Costill, 1975; Febbraio et al., 1994a; Hargreaves et al. 1996; Young et al. 1985) representing a 
shift in muscle metabolism toward muscle glycogen, and increases in muscle and blood lactate, 
during exercise in the heat.
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Figure 17. Respiratory Exchange Ratio Across Subjects & Days
Sweat Rate
Subjects in this study exercised for 30 minutes, and lost an average of 0.96 kg with a range of 
0.55-1.75 kg or average of 32, range (18.33-58.33) g/min (see Figure 8). These sweat losses 
compare well with studies that have reported the sweat rates for subjects wearing fire protective
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clothing during treadmill walks in room temperature and hot conditions (Ftaiti et al. 2001; 
Skoldstrom 1987; Smolander et al. 1991; White & Hodous 1987; Duncan et al. 1979). The sweat 
rate has ranged from 11.23 -  86.7 g/min. See Table 3, Chapter 2, in Sweat Rates During Work 
While Wearing Fire Protective Clothing, pg 61. If sweat losses continued at this rate, and if 
subjects were capable of continuing work for one hour, the group mean (6D) sweat losses at one 
hour would have been 1.87 (0.62) -  2.03 (0.77) L'hour '), (see Table 5).
Table 5. Individual Sweat Rates (L'hour "') Across Days
Sweat Rate (L'hour'*)
Subject Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
SI 2.98 3.12 2.96 3.50 2.88 2.88
S2 1.52 1.84 1.80 1.60 2.04 2.06
S3 1.52 1.62 1.98 1.84 1.76 1.86
S4 1.36 1.26 1.36 1.14 1.10 1.14
S5 1.76 1.76 1.82 1.84 1.86 1.84
S6 2.48 2.46 2.38 2.52 2.12 1.40
S7 1.45 1.45 1.54 1.77 1.68 1.76
Average 1.87 1.93 1.98 2.03 1.92 1.85
gD 0.62 0.65 0.54 0.77 0.54 0.55
Sweat sodium concentration [Na^] and potassium concentration [K ] during the six days (see 
Figure 9) compare well with those observed for whole body wash down ( [Na^]: 22-72 meq/L and 
[K^: 2.7-6.3 meq/L) and those observed by the glove method ( [Na^: 25-74 meq/L and [K^: 4.5- 
13.5 meq/L) by Dill and colleagues (1967). Robinson & Robinson (1954), had reported that if a 
local area of skin was adversely affected by an impermeable barrier, [Na^ and [C1-] exceeded 80 
meq/L. However, the mean [Na^ in the present study was 29-36 mmol / L of sweat and it seems 
unlikely that the glove technique used in this study caused any artificial increases in sweat 
composition.
Sweat [Na^ and [K^ in the present study were unlike those observed by Shireffs & 
Maughan (1997) for whole body washdown ( [Na^ = 50.8± 16.5 mM, and [K.^ = 4.8± 1.6 mM)
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and gauze pad technique ([Na^ = 75.3±21.9 mM, and = 3.7+2.2 mM). The observation that 
sweat [Na^ and [K^ in the present study were more like those reported by Dill et al. (1967) and 
less like those reported by ShireRs & Maughan (1997) may be related to the regional climatic 
conditions and acclimatization state. Both the present study and Dill et al. (1967) were executed 
in Las Vegas, Nevada, whereas Shirefïs & Maughan (1997) took place in Aberdeen, United 
Kingdom.
Rating of Perceived Exertion 
Rating o f perceived exertion (RPE) scales have been used as reliable and valid measurements of 
exercise intensity (Davis and Bailey 1997; Noble and Borg 1983; Skinner et al. 1973; Noble and 
Robertson 1996; Stamford 1976; Dunbar et al. 1992). In the present study, the group mean (^D) 
RPE at the end o f the 30 minutes walks for days one and six were 18(3) and 17(3) (see Figure 
18). Other authors have observed both fire protective clothing and heat to exert an effect on RPE 
during treadmill exercise. Louhevaara et al., 1995; Smolander et al., 1991; Skoldstrom, 1987)
Rating of Perceived Exertion Across Subjects & Days
day 1 
day 2
day^6
Time (minutes)
Figure 18. Rating o f Perceived Exertion Across Sut^ects & Days
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Although the speed and grade were for all treadmill walks were constant, RPE 
progressively increased during the 30 minute work bouts in the heat in a manner similar to HR, 
VO2, VE, Tm:, and Tsk. Baker et al. (2000) observed a similar effect during constant load 
treadmill walks in a temperature environment in subjects wearing FE.
Correlations of 0.80-0.90 have been observed between heart rate and RPE assessed with 
the 15 grade Borg 6-20 RPE scale (Borg & Noble, 1974; Mihevic, 1981). In the present study, the 
mean Pearson r for RPE and heart was 0.91 to 0.97 across days. However, RPE was less strongly
related to VO2 r = 0.62 to 0.78, %V02p«gk r =0.62 to 0.72 or VE r =0.68 to 0.77 .
In the present study RPE was strongly related to indices of thermal stress T ^ : r =0.92 to 
0.95, Tsk: r =0.88 to 0.93, and T^c-Tsk: r = -0.70 to -0.82 and Rating of Thermal Discomfort 
(RTD): r = 0.91 to 0.96 (see table 40 for all between variable r values). Others have also reported
strong correlations between RPE and indices of thermal stress. Nybo & Nielsen (2001) reported 
linear correlation between core temperature, and RPE. Aoyagi (1998) observed strong 
relationships between RPE and T^c before (0.895±0.038) and after (0.932±0.014) heat
acclimation. The authors reported strong correlations between RPE and Tsk before (0.841±0.036)
and after (0.862±0.036) heat acclimation. However, the correlations Ixtween RPE and % 
before (0.374±0280) and after (0.659±0.193) heat acclimation were weak for subjects exercising 
while wearing NBC protective clothing. During live-fire simulations RPE-heart rate correlations 
were generally stronger during work while wearing FE in cooler temperature environments as 
opposed to hot environments (Lusa et al., 1993; Smith et al., 1996, 1997, 1998,2001). Although 
RPE is accepted as being strongly correlated with work as assessed by heart rate and work across 
a variety of modes of exercise, the integration of the results of the present study with others seems 
to indicate RPE-HR relationships are affected by heat exposure and that RPE may be useful as an 
index of thermal stress during work while wearing protective clothing.
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Rating of Thermal Discomfort 
Rating of thermal discomfort (RTD), increased throughout the 30 minute walks in the heat while 
wearing fire protective clothing. RTD on day one and six at the 2"  ̂minute were both mean (&D): 
7 (1). On day one and six the 30* minute RTDs were 12(1) and 11(1) (see Figure 19).
Based on the Ratings of Thermal Discomfort (RTD), subjects seemed to perceive a high 
degree of thermal stress while walking in the heat and wearing fire protective clothing. However, 
the maximum Tn* recorded for any day was 38.06°C. This temperature is within the range of 
expected during hard exercise (Guyton & Hall, 2000). In contrast, marathon runners have been 
observed to attain more severe rectal temperatures between 40.2 and 41.9 without sustaining 
thermal injury (Pugh et al., 1967; Maron et al., 1977). Subjects in the present study were however 
wearing protective clothing, and skin temperature increased, nearly matching Tn%. The perception 
of high levels of thermal stress (RTD) is most likely due to increases in Tsk and/or the narrowing 
of Trec-Tsk. The McGinnis RTD scale is based on the linear relationship between perceptions of 
warmth on the skin and skin temperature.
Rating of Thermal Discomfort Across Subjects & Days
■o— day 1 ! 
o day 2
X day 4
day 6|
Time (minutes)
Figure 19. Rating of Thermal Discomfort Across Subjects & Days
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In the present study, the mean RTD had strong correlations with T,^: r = 0.89 to 0.94, 
and Tsk: r = 0.87 to 0.96 across days. The correlation with the core to skin gradient (T^c-Tsk) was 
less strong: r = -0.70 to -0.82. RTD and RPE were also strongly related: r = 0.93 to 0.96. Aoyagi 
et al. (1998) also observed strong correlations between RTD and T^c before (r = 0.941 ±0.016) 
and after (r = 0.949±0.008) heat acclimation. The authors also reported strong RTD-Tsk 
correlations before (r = 0.920±0.02l) and after (r = 0.927±0.018) heat acclimation for subjects 
exercising in the heat while wearing NBC protective clothing. They also reported RTD and RPE 
to be highly related during heat exercise stress before (r = 0.930 ±0.024) and after (r = 0.942±
0.021) heat acclimation.
During structure fires, neither the Ere Eghters' rectal temperature nor heart rate are 
monitored. Therefore fire Eghters are left to their perceptions of thermal and work stress. Since 
RTD seemed to be strongly related to skin temperature, and narrowing o f the Trec-Tsk gradient 
by elevations in T sk are important to thermoregulation and defin ing  limits during protective 
clothing wear, RTD may serve as a useful tool for the fire fighter to monitor his or her level of 
heat stress during work in the heat while wearing fire ensemble.
Fire Protective Ensemble as an Uncompensable Heat Stress 
The observations that T^c, Tsk, and heart rate increased throughout the 30 m inute work 
bouts in the heat without a  plateau provides evidence that walking on a treadmill between 
46-53% VOzpeak while wearing fire protective clothing in a 40°C , 20-22% r.h. 
environment creates an UHS environment. Categorizing all protective clothing ensembles as 
UHS environments as proposed by Cheung et al. (2000) may be worthwhile. A threshold of 
insulation and vapor permeability beyond which garments may induce similar physiologic strain 
(Chang & Gonzalez, 1999) may exist. Alternately, beyond some metabolic rate threshold, the 
thermal strain experienced while wearing protective clothing that interferes with ev^wration
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may be similar despite different thermal environments (McLellan, 1993, McLellan et al., 1993; 
McLellan & frim , 1994).
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CHAPTERS
SUMMARY, CONCLUSION & RECOMMENDATIONS
Summary
Although some authors suggest firefighters should undertake formal heat acclimation programs 
(Gavhed & Holmer, 1989), the benefit of heat acclimation in fire protective clothing is unclear. 
During work in hot environments, evaporation is the primary mode of heat loss. Because the rate 
o f evaporation from the skin surface is dependent upon air velocity, and air vapor pressure 
gradients between the skin and clothing, and clothing and environment, wearing protective 
clothing interferes with evaporative heat loss. Nunnely (1989) suggested that increases in 
evaporation may be a negative adaptation during work while wearing protective clothing. Chang 
& Gonzalez (1999) observed that a heat acclimation program did not alter the T ^  or heart rate 
responses during work in NBC protective clothing when the evaporative potential of the garment 
was less than 15%. Therefore, the aim of this study was to determine the effect of a six day heat 
acclimation program on physiologic responses and psychological responses to work in the heat 
while wearing fire ensemble during six consecutive days.
The physical characteristics of the seven subjects, mean (5!D) were age (yrs): 26.1(5.8);
VOipeak (ml'kg 'min"'): 52.5 (6.3); body fat (%): 16.2 (6.6); height (cm): 174.7 (3.1); weight 
(kg): 76.2 (11.2); body surface area (m^): 1.9 (0.1 ); peak heart rate (b min"'): 186 (8.2). After the 
preliminary assessments, each of the subject reported to the exercise physiology lab for six 
consecutive days of heat and exercise testing while wearing fire protective ensemble. Subjects 
dressed in fire protective ensemble, and entered an environmental room and walked at a treadmill
133
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speed and grade that had been previously determined to elicit 50% of V02pc*. During the tests 
the following physiologic parameters were monitored and recorded: rectal temperature (T^c) 
mean skin temperature (Tsk), and rectal-skin temperature gradient (T^c-Tsk), heart rate (HR),
oxygen uptake ( VO2), and minute ventilation ( VE). The sweat rate and sweat Na^ 
concentration were determined for each day, by measuring pre to post nude w e i^ t change, and 
collection of sweat from a gloved hand. Psychological variables, rating of perceived exertion 
(RPE), rating of thermal discomfort (RTD) were monitored and recorded. A one way repeated 
measures ANOVA was used to determine whether the heat acclimation program had a significant 
effect on the change in rectal temperature over the 30 minute work bouts in the heat over the six 
day period (AT^c 30), or the average responses in skin temperature (Tskao), rectal to skin
temperature gradients (T^-Tskgo), heart rate (HR30), oig^gen consumption ( VO2 30), minute
ventilation ( VE30), sweat rate (SR 30), and the daily values for sweat rate (SR ), sweat sodium 
concentration: S[Na^ and sweat potassium concentration: S[R^. Significance was set at 
(p<0.05).
Six consecutive days of walks in the heat while wearing FE had no significant effect, on
average T^c, Tsk, T^c-Tsk, VE, VO2, RER, and SR responses across the six days. This contrasts 
previous research that has observed heat acclimation programs to result in lower Tn*, Tsk, T^c-
Tsk, VE, VO2 RER and increased SR across days.
Heart rate (HR30) was significantly reduced during the six days of work in the heat while 
wearing FE. The reduction in heart rate during the six day heat acclimation program is consistent 
with previous observations that heart rate decreases during heat acclimation programs in both 
CHS and UHS enviroiunents. However, the decrease in HR30 were small, and probably o f little 
practical benefit. A trend to decrease sweat [Na^ and a statistically significant decrease in sweat 
[K^ was observed over the six day heat acclimation program. The alterations in sweat 
composition were also small and would offer little practical benefit.
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The finding of no improvement in physiologic and psychological responses during the six 
day heat acclimation program may be related to fire protective clothing wear. The intensity or 
duration of the work bouts in the heat may have prevented heat acclimation responses from being 
observed due to interactions between the work rate, skin, and protective clothing. The number of 
subjects may have complicated the statistics. The subjects may have been preacclimatized by 
summer heat. The heat acclimation program may have not provided the optimal stimulus to evoke 
heat adaptation. Daily treadmill walks may not have been o f sufficient duration to produce the 
required magnitude, or duration of rise in Tn« to evoke heat adaptation. Alternately, the individual 
woik bouts in the heat may have not been of suffient duration to observe a significant difference 
over the six days.
Conclusions
1. A six day heat acclimation program performed during the summer months in Las Vegas, 
Nevada appears to have no benefit on physiologic and psychological responses in lean,
aerobically fit subjects walking in the heat at 46-53% V02peak while wearing fire
ensemble.
2. During work while wearing fire protective clothing rectal temperature and mean skin 
temperature continued to rise throughout the 30 minute treadmill walks with no apparent 
leveling off. The rectal to skin temperature gradient also became narrow which reduced 
the potential for heat loss. Therefore, work while wearing fire protective clothing at 46-
53% of VOzpeak in a 40°C, 20% r.h. environment without radiant heat can be classified as 
an uncompenasble heat stress (UHS) environment.
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Recommendations
1. Since no practical benefit was observed as a result of a six day heat acclimation program 
while wearing FE, attempts to heat acclimate subjects to fire ensemble would appear to 
be o f little value under conditions similar to those of the present eiqieriment.
2. A similar heat acclimation program should be repeated during the winter months to 
determine whether preacclimatization was the cause of the observation of no effect in the 
present study.
3. The effect of positive pressure breathing while wearing SCBA on ventilation was 
neglected. Cardiac output may be compromised by the combination of reduced preload 
by peripheral pooling by posture, and high skin blood flow, and dehydration. Breathing 
air from a SCBA with inspiratory pressure may reduce the effectiveness of the thoracic 
pump in assisting venous return, compromising stroke volume beyond what would be 
expected to occur with heat and work alone.
4. Future research may include professional fire fighters, and repeated work bouts at various 
times of the day. Fire fighters typically work a 24 hour shift, with the possibility of 
multiple structure fires.
5. A variety o f exercise intensities, and ambient temperatures, water vapor pressures, and 
radiant heat should be used to assess the acute effects of heat and exercise on work while 
wearing fire protective clothing. This should answer the question as to whether or not 
tolerance time is a function of metabolic rate, and/or ambient temperature and water 
vapor pressure like that observed by McLellan & Aoyagi (1996). This information would 
answer the question: in the most extreme conditions of work and heat outside or inside a 
structure fire, how fast does T^c rise?
6. Cardiac output and stroke volume, blood lactate, and glucose should be monitored during 
acute heat and exercise during work while wearing fire protective clothing to determine
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whether reductions in stroke volume, cardiac output, glucose, or accumulation of lactic 
acid are limiting exercise.
7. Subjects should be exercised in the heat with a variety of FE clothing configurations. By 
varying the materials of the 3 layers of the FE, a variety of THE values would be 
achieved. Little research has be done to determine whether the THL value is really a valid 
predictor of physiologic stress.
8. A variety metabolic rates should be used to assess the effect of a heat acclimation 
program done in during the winter months to determine whether the observation of no 
effect was due to the metabolic rate used.
9. Cardiac output, stroke volume, plasma volume, plasma sodium, and plasma proteins and 
blood lactate should be monitored during a heat acclimation program in the summer and 
winter to examine the effect o f exercise training in the heat while wearing fire protective 
clothing on cardiovascular function and blood volume.
10. Subjects should be exercised under a variety o f levels of dehydration, hypohydration, 
with different rehydration protocols.
11. The acute effects of heat and exercise, and physiologic manipulations should be 
investigated in subjects with a wider range of age, aerobic fitness, and percent body fat.
12. Fire fighters work 24 hour shifts, and caffeine or other stimulants may be used to improve 
cognitive function. Caffeine has been said to have a diuretic effect, and the interaction of 
heat, exercise, hydration and caffeine should be investigated.
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Subject Day of Protocol Date Max Min Avg Subject Day of Protocol Date Max Min Avg
SI day 1 07/29/02 108 78 93 S5 day 1 08/05/02 102 79 91
day 2 07/30/02 111 83 97 day 2 08/06/02 98 77 88
day 3 07/31/02 109 82 96 day 3 08/07/02 100 76 88
day 4 08/01/02 103 86 95 day 4 08/08/02 99 72 86
day 5 08/02/02 106 84 95 day 5 08/09/02 104 72 88
day 6 08/03/02 103 79 91 day 6 08/10/02 107 74 91
S2 day 1 06/18/02 107 78 93 S6 day 1 07/29/02 108 78 93
day 2 06/19/02 105 79 92 day 2 07/30/02 111 83 97
day 3 06/20/02 103 82 93 day 3 07/31/02 109 82 96
day 4 06/21/02 96 79 88 day 4 08/01/02 103 86 95
day 5 06/22/02 100 73 87 day 5 08/02/02 106 84 95
day 6 06/23/02 104 70 87 day 6 08/03/02 103 79 91
S3 day 1 07/28/02 104 78 91 S7 day 1 08/05/02 102 79 91
day 2 07/29/02 108 78 93 day 2 08/06/02 98 77 88
day 3 07/30/02 111 83 97 day 3 08/07/02 100 76 88
day 4 07/31/02 109 82 96 day 4 08/08/02 99 72 86
day 5 08/01/02 103 86 95 day 5 08/09/02 104 72 88
day 6 08/02/02 106 84 95 day 6 08/10/02 107 74 91
S4 day 1 06/19/02 105 79 92
day 2 06/20/02 103 82 93
day 3 06/21/02 96 79 88
day 4 06/22/02 100 73 87
day 5 06/23/02 104 70 87
day 6 06/24/02 107 76 92
Table 7. Mean Environmental Room Temperatures
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Time
(minutes) Day 1
Day 2 Day 3 Day 4 Day 5 Day 6
0 34TW 3923 3901 3922 3823 3901
1 34TW 3923 3901 3922 3824 3901
2 39.64 3924 3901 3920 3829 3921
3 3966 3928 3904 3929 3824 3923
4 3&71 3927 3908 3949 3821 3925
5 39 69 3927 3924 3926 3820 39 2 6
6 39T5 4023 3924 3074 3823 3924
7 39 80 4 0 2 0 3923 3922 3728 39 2 0
8 39.93 4041 3921 3921 38 2 4 39.66
9 39^9 4047 3928 4001 39 2 6 3929
10 3^98 4026 3921 40 0 7 39 2 9 39 7 6
11 40.05 4023 3929 40 2 7 3924 3923
12 40T5 4028 39 2 7 4021 3925 3926
13 4021 40.64 3923 4027 3924 3926
14 4029 4 0 2 0 3927 4025 4001 3926
15 4027 4 0 2 6 3928 4 0 4 0 40.06 4 0 0 0
16 4029 40 2 9 3925 4 0 4 4 40.02 4 0 0 8
17 4&41 4 0 2 4 3925 4021 4025 4025
18 4042 40 2 8 3929 4028 40.24 4 0 2 2
19 4020 40 2 7 4001 4 0 2 4 4 0 2 8 4 0 2 7
20 4023 4028 4005 40 2 9 4 0 2 6 4028
21 4026 4028 40 0 7 4073 40.44 40 4 4
22 40.60 4025 40 2 0 4021 4 0 4 8 4 0 2 0
23 4022 4096 4021 4027 4 0 2 2 4 0 2 4
24 4024 40 2 0 4021 4023 4 0 2 4 40 2 8
25 4020 4 0 2 0 40 2 5 40 2 9 4 0 2 2 40.60
26 4021 4 0 4 6 4021 41 0 4 40 2 7 40 2 8
27 4024 40 2 4 40 2 5 41.05 4 0 2 9 40.66
28 4 0 2 8 40 2 4 4 0 2 6 4107 40 7 2 40.74
29 4022 40 2 0 40 2 4 4 1 2 4 4 0 7 6 40 7 8
30 4028 40 2 7 4025 4 1 2 2 4 0 7 6 40 7 7
Mean 3920 40 4 2 30 7 9 4 0 2 2 3976 40.00
SD 121 0 4 5 0 4 5 021 0.90 0 2 6
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Table 8 . Rectal Temperatures Across Subjects & Days
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Time
(minutes) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
0 3724 3605 3724 3609 3704 3702
1 3725 3603 3724 3609 3705 3702
2 3726 3604 3725 3604 37.05 3704
3 3727 3605 3724 3603 3705 3705
4 3728 3606 3725 3601 3706 3706
5 37.29 3608 3726 3602 37.07 3708
6 3721 3608 3727 3604 3709 3708
7 3722 3700 3729 3609 3740 3709
8 3725 3703 3729 3705 3743 3742
9 3727 3703 3721 3706 3744 3743
10 3740 3706 3724 3740 37 4 6 3745
11 3743 3709 3725 3745 3748 3746
12 3744 3742 3727 3748 3722 3748
13 3749 3744 3729 3723 3723 3720
14 3720 3749 3742 3727 3728 3722
15 3725 3720 3744 3722 37 2 9 3726
16 3728 3726 3749 3725 37 2 2 3727
17 3721 3727 3722 3740 37 2 7 3722
18 3726 3725 3725 3744 3740 3724
19 3721 3727 3729 3749 3743 3 7 2 9
20 3724 3744 3724 3725 3747 3741
21 3729 37.48 3726 3728 3723 3 7 4 6
22 3T85 3725 3721 3724 37 2 6 3720
23 3729 3728 3725 3720 37 2 2 3724
24 3T94 3725 3729 3725 37 2 6 3 7 2 9
25 3801 3720 3724 3722 3721 3724
26 3709 3724 3700 3727 37 2 8 3729
27 3805 3700 3705 3704 3723 3723
28 3841 3706 3709 3709 3728 3728
29 3847 3802 3805 38 0 7 3704 3 7 2 4
30 3823 3840 3840 38 0 9 3702 3725
Mean 3721 3722 3723 3728 37 2 7 3723
2D 021 0 2 6 0 2 7 0 2 8 0 2 9 0 2 6
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Table 9. Initial and Final Rectal Temperature for Individuals
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Subject Time (minutes) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
SI T m :  inidd &t miuute 0 37.15 36.4 37.05 37.35 36.85 36.9
Trw AW at minute 30 38.05 38.08 37.95 38.35 37.63 37.85
AT Kc 0 to 30 minutes 0.9 1.68 0.9 1 0.78 0.95
S2 T r e e  inHw at minute 0 37.15 37.15 37.15 36.95 36.85 36.9
Tree final at minutc 30 38.2 37.95 37.6 37.8 37.95 37.95
aT rec 0 to 30 minutes 1.05 0.8 0.45 0.85 1.1 1.05
S3 T r e e  in i t i a l  at minute 0 36.85 37 37.15 Nr 37 37.1
Tn« final at mmutc 30 37.95 38.15 38.35 nr 38.2 38.08
aT rec 0 to 30 minutes 1.1 1.15 1.2 1.2 0.98
S4 Tm> nndrni at minute 0 37.65 37.85 37.7 37.75 37.45 37.65
Tree final at miuutc 30 38.3 38.43 38.4 38.2 37.95 38.05
aT rec 0 to 30 minutes 0.65 0.58 0.7 0.45 0.5 0.4
S5 T r e e  in i t i a l  at miuute 0 37.5 37.35 37.25 37.35 37.15 37.05
Tree aw at minute 30 38.6 38.1 37.98 38.45 38.3 37.8
aT r e c  0 to 30 minutes 1.1 0.75 0.73 1.1 1.15 0.75
S6 Trnc mifw at miuutB 0 37.15 36.85 37.15 36.95 36.65 36.4
T r e e  f in a l  Ut m iU U te  30 38.28 37.9 38.3 38.25 37.5 37.4
aT r e c  0 to 30 minutes 1.13 1.05 1.15 1.3 0.85 1
87 Ti« MW at minute 0 37.25 36.05 37.25 37.25 37.35 37.15
T r e e  aw at minute 30 38.28 38.35 38.1
aT rec 0 to 30 minutes 1.03 1 0.95
Mean T r e e  MW at miuute 0 37.24 36.95 37.24 36.99 37.04 37.02
OD T r e e  M W  at minutc 0 0.26 0.6 0.21 0.77 0.29 0.37
Mean T,« aw at minute 30 38.23 38.1 38.1 38.12 37.98 37.89
OD T r e e  aw at minute 30 0.23 0.19 0.31 0.34 0.33 0.24
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Table 10a. Rectal Temperature fbr Individual Sulÿects at 0, 5,10, 15 Minutes
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Tree at 0 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 37.15 36.4 37.05 37.35 36.85 36.9
S2 37.15 37.15 37.15 36.95 36.85 36.9
S3 36.85 37 37.15 37 37.1
S4 37.65 37.85 37.7 37.75 37.45 37.65
S5 37.5 37.35 3725 37.35 37.15 37.05
S6 37.15 36.85 37.15 36.95 36.65 36.4
S7 37.25 36.05 37.25 37.25 37.35 37.15
Mean 37.24 36.95 37.24 37.27 37.04 37.02
S'D 0.26 0.6 0.21 0.3 0.29 0.37
Tree at 5 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 37.25 36.5 37.1 37.35 36.85 36.95
S2 37.15 37.15 37.15 37 36.85 37
S3 36.85 37.15 37.05 37.1
S4 37.7 37.95 37.75 37.7 37.5 37.7
S5 37.5 37.35 37.25 37.4 37.18 37.1
S6 37.15 36.85 37.15 37 36.65 36.45
S7 37.4 36.05 37.3 37.35 37.43 37.25
Mean 37.29 36.98 37.26 37.3 37.07 37.08
S'D 0.28 0.67 0.22 0.27 0.32 0.37
Tree at 10 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 37.33 36.6 37.15 37.43 36.9 37
S2 37.3 37.2 37.15 37.1 37 37.15
S3 36.95 37.1 37.25 37.15 37.18
S4 37.75 37.95 37.8 37.7 37.5 37.7
S5 37.6 37.4 37.35 37.5 37.35 37.1
S6 37.25 36.9 37.25 37.15 36.7 36.55
S7 37.6 36.28 37.4 37.4 37.5 37.35
Mean 37.4 37.06 37.34 37.38 37.16 37.15
SD 0.27 0.55 0.22 0 2 2 0.31 0.35
Tree at 15 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 37.45 36.78 37.25 37.55 37 37.15
S2 37.45 37.3 3 7 2 37.25 37.1 37.25
S3 37.13 37.4 37.35 37.35
S4 37.85 38.05 37.9 37.75 37.6 37.7
S5 37.75 37.5 37.4 37.63 37.45 37.2
S6 37.4 37.1 37.45 37.4 36.85 36.7
S7 37.8 36.5 37.5 37.6 37.65 37.5
Mean 37.55 37.2 37.44 37.53 37.29 37.26
&D 0.26 0.55 0.23 0.18 0.31 0.31
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Table 10b. Rectal Temperature for Individual Subjects at 20, 25, 30 Minutes
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Tree at 20 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 37.6 37.15 37.45 37.75 37.15 37.35
S2 37.65 37.45 37.35 37.4 37.35 37.4
S3 37.35 37.5 37.65 37.6 37.5
S4 37.95 38.1 38.05 37.85 37.7 37.8
S5 37.95 37.65 37.55 37.83 37.65 37.35
S6 37.65 37.35 37.7 37.6 37 36.85
S7 38.05 36.85 37.7 37.8 37.85 37.65
Mean 37.74 37.44 37.64 37.7 37.47 37.41
gD 0.25 0.39 0.22 0.17 0.31 0.3
Tree at 25 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 37.8 37.58 37.65 38.03 37.4 37.6
S2 37.9 37.65 37.45 37.6 37.6 37.65
S3 37.65 37.98 37.85 37.75
S4 38.1 3828 38.2 38 37.8 37.9
S5 38.3 37.8 37.73 38.1 37.95 37.6
S6 37.95 37.6 37.95 37.9 37.25 37.13
S7 38.35 37.33 37.9 38.05 38.1 37.88
Mean 38.01 37.7 37.84 37.95 37.71 37.64
&D 0.26 0.32 0.25 0.18 0.3 0 2 6
Tree at 30 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 38.05 38.08 37.95 38.35 37.63 37.85
S2 38.2 37.95 37.6 37.8 37.95 37.95
S3 37.95 38.15 38.35 3 8 2 38.08
S4 38.3 38.43 38.4 38.2 37.95 38.05
85 38.6 38.1 37.98 38.45 38.3 37.8
S6 3828 37.9 38.3 38.25 37.5 37.4
87 38.28 38.35 38.1
Mean 38.23 38.1 38.1 38.22 37.98 37.89
SD 0.23 0.19 0.31 0.22 0.33 0 2 4
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Table 11. Change in Rectal Temperature Over 30 Minutes (aTneso)
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 0.90 1.68 0.90 1.00 0.77 0.95
S2 1.05 0.80 0.45 0.85 1.10 1.05
S3 1.10 1.15 1.20 1.20 0.98
S4 0.65 0.57 0.70 0.45 0.50 0.40
S5 1.10 0.75 0.73 1.10 1.15 0.75
S6 1.13 1.05 1.15 1.30 0.85 1.00
S7 1.03 1.00 0.95
Mean 0.99 1.00 0.85 0.95 0.94 0.87
&D 0.18 0.39 0.29 0.29 0.25 0.23
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Table 12. Skin Temperatures Across Subjects & Days
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Time (minutes) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
0 34.52 34.30 34.54 34.43 34.50 34.39
1 34.52 34.30 34.54 34.43 34.53 34.39
2 34.80 34.57 34.89 34.71 34.78 34.59
3 35.04 34.83 35.15 34.99 34.92 34.75
4 35.31 35.10 35.41 35.13 35.19 35.07
5 35.54 35.37 35.63 35.49 35.45 35.34
6 35.76 35.62 35.83 35.75 35.69 35.59
7 35.98 35.83 36.01 35.98 35.91 35.81
8 36.17 36.02 36.18 36.18 36.06 35.99
9 36.32 36.17 36.30 36.37 36.18 36.12
10 36.43 36.29 36.40 36.48 36.28 36.21
11 36.52 36.40 36.50 36.56 36.34 36.30
12 36.59 36.49 36.57 36.63 36.41 36.37
13 36.67 36.56 36.63 36.69 36.47 36.43
14 36.73 36.63 36.69 36.75 36.52 36.48
15 36.79 36.68 36.74 36.80 36.56 36.53
16 36.83 36.74 36.78 36.85 36.68 36.58
17 36.88 36.81 36.82 36.91 36.72 36.62
18 36.93 36.86 36.88 36.97 36.77 36.68
19 36.98 36.92 36.93 37.04 36.84 36.74
20 37.04 36.98 36.99 37.09 36.89 36.79
21 37.10 37.02 37.05 37.15 36.88 36.84
22 37.16 37.07 37.11 37.20 36.93 36.90
23 37.22 37.14 37.18 37.26 36.99 36.95
24 37.28 37.20 3724 37.31 37.04 37.01
25 37.34 37.25 37.31 37.38 37.12 37.07
26 37.40 37.32 37.37 37.45 37.17 37.14
27 37.45 37.37 37.42 37.52 37.24 37.20
28 37.51 37.43 37.49 37.59 37.31 37.25
29 37.57 37.49 37.55 37.67 37.38 37.31
30 37.64 37.55 37.62 37.74 37.45 37.38
Mean 36.52 36.40 36.51 36.53 36.36 36.28
SD 0.91 0.96 0.88 0.97 0.85 0.89
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Table 13a. Individuals' Mean Skin Temperatures
147
Tsk At 0 minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 34.02 33.38 34.36 34 34 3422
S2 35.14 34.97 34.65 35 35.29 35.04
S3 34.69 35.27 34.81 35.21 35
S4 34.84 34.74 34.51 33.84 34.05 34.39
S5 34.17 34.08 34.54 34.05 34.31 33.96
S6 34.57 34.71 34.5 33.96 33.89 33.85
S7 3422 33.95 33.93 34.94 3428 34.27
Mean 34.52 34.3 34.53 34.37 34.43 34.39
az) 0.4 0.6 0.4 0.52 0.58 0.47
Tsk At 5 minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 35.2 35.07 35.37 0 34.73 35.02
S2 36.25 35.87 35.67 36.33 36.13 35.9
S3 35.83 36.26 36.51 35.98
S4 35.54 35.57 35.64 34.51 35.02 35.2
S5 35.2 35.06 35.76 35.4 35.28 35.21
S6 35.47 35.67 35.69 35.24 34.83 34.77
S7 35.31 34.97 35.03 35.96 35.65 35.33
Mean 35.54 35.37 35.63 29.57 35.45 35.34
0.38 0.38 0.38 14.5 0.67 0.44
Tsk At 10 minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 36.04 36.02 36.14 0 35.59 35.79
S2 36.66 36.34 3621 36.65 36.53 36.4
S3 36.7 36.71 36.62 36.89 36.46
S4 36.36 36.42 36.47 35.81 35.99 36.07
S5 36.6 36.39 36.69 36.69 36.34 36.34
S6 36.22 36.37 36.43 36.3 35.9 35.88
S7 36.42 36.2 36.2 36.79 36.7 36.55
Mean 36.43 36.29 36.4 31.27 36.28 3621
0.24 0.15 0.23 13.79 0.47 0.3
Tsk At 15 minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
81 36.48 36.5 36.49 36.75 36.05 36.19
S2 36.8 36.56 36.34 36.71 36.59 36.57
S3 36.88 36.95 36.86 37.07 36.7
S4 36.82 36.88 36.93 36.43 36.48 36.58
S5 37.12 36.89 36.98 37.07 0 36.65
S6 36.62 36.69 36.83 36.73 36.23 36.15
87 36.81 36.58 36.64 37.05 36.93 36.89
Mean 36.79 36.68 36.74 36.8 31.34 36.53
SD 0.2 0.17 0.25 0.22 13.82 0.27
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Table 13b. Individuals' Mean Skin Temperatures
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Tsk At 20 minutes
Subject day I day 2 day 3 day 4 day 5 day 6
SI 36.79 36.92 36.73 37.13 36.39 36.54
S2 36.9 36.74 36.54 36.84 36.68 36.69
S3 37.04 37.14 37.16 37.41 36.96
S4 37.08 37.22 3724 36.86 36.75 36.95
S5 37.4 37.15 37.19 37.37 36.95 36.95
S6 36.93 36.99 37.14 37.1 0 36.33
S7 37.13 36.84 36.92 37.18 37.19 37.13
Mean 37.04 36.98 36.99 37.09 31.62 36.79
W 0.2 0.18 0.26 0.19 13.95 0.28
Tsk At 25 minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 37.21 37.3 37.22 37.54 36.74 36.93
S2 37.13 36.88 36.81 37.1 36.86 36.9
S3 37.29 37.44 37.45 37.73 37.28
S4 37.38 37.51 37.5 37.12 37.01 37.16
S5 37.64 37.39 37.42 37.55 37.23 37.23
S6 37.31 37.33 37.47 37.5 36.82 36.6
S7 37.43 37.13 37.29 37.45 37.43 37.39
Mean 37.34 37.25 37.31 37.38 37.12 37.07
SD 0.17 0 2 2 0.24 0.19 0.37 0 2 7
Tsk At 30 minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
St 37.59 37.65 37.6 38 37.15 37.33
S2 37.37 37.15 37.08 37.31 37.08 37.18
S3 37.59 37.75 37.8 38.08 37.64
S4 37.67 37.62 37.76 37.42 37.26 37.37
S5 37.92 37.7 37.75 37.88 37.59 37.52
S6 37.71 37.64 37.8 37.93 37.2 36.93
S7 37.82 37.77 37.68
Mean 37.64 37.55 37.62 37.74 37.45 37.38
SD 0.18 0.23 0.27 0.26 0.38 0.27
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Table 14. Skin Temperature Averaged Over 30 Minutes (Tsk^o)
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 36.24 36.19 36.31 37.07 35.95 36.03
S2 36.65 36.39 36.22 36.61 36.48 36.41
S3 36.61 36.81 36.73 37.02 36.58
S4 36.56 36.61 36.63 36.05 36.13 3629
S5 36.64 36.44 36.67 36.64 36.33 36.34
S6 36.44 36.53 36.69 36.45 35.86 35.83
S7 36.31 36.03 36.20 36.78 36.62 36.51
Mean 36.49 36.37 36.50 36.62 36.34 3628
SD 0.17 0.22 0.25 0.32 0.41 0.27
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Table 15. T,«;- Tsk Gradients Across Subjects & Days
150
Time (minutes) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
0 2.72 2.65 2.70 2.56 2.54 2.63
1 2.72 2.65 2.70 2.56 2.52 2.63
2 2.45 2.37 2.36 2.23 2.27 2.44
3 2.23 2.11 2.09 1.93 2.13 2.30
4 1.96 1.87 1.83 1.78 1.86 2.00
5 1.74 1.60 1.63 1.43 1.62 1.73
6 1.54 1.37 1.43 1.19 1.40 1.49
7 1.34 1.16 128 1.00 1.19 1.28
8 1.18 1.01 1.12 0.86 1.06 1.13
9 1.04 0.86 1.01 0.69 0.96 1.00
10 0.96 0.76 0.93 0.62 0.88 0.93
11 0.90 0.69 0.84 0.58 0.83 0.86
12 0.84 0.63 0.79 0.55 0.81 0.82
13 0.81 0.57 0.76 0.53 0.76 0.77
14 0.77 0.55 0.73 0.52 0.75 0.74
15 0.75 0.52 0.71 0.52 0.73 0.73
16 0.74 0.51 0.70 0.50 0.63 0.69
17 0.73 0.46 0.69 0.48 0.64 0.69
18 0.72 0.48 0.66 0.47 0.63 0.65
19 0.72 0.44 0.66 0.45 0.59 0.64
20 0.70 0.44 0.64 0.44 0.57 0.62
21 0.69 0.45 0.62 0.43 0.64 0.61
22 0.67 0.46 0.59 0.43 0.63 0.59
23 0.67 0.43 0.57 0.43 0.62 0.57
24 0.65 0.43 0.54 0.43 0.62 0.57
25 0.66 0.43 0.52 0.42 0.59 0.57
26 0.64 0.45 0.52 0.42 0.60 0.54
27 0.60 0.52 0.52 0.41 0.58 0.52
28 0.60 0.53 0.50 0.40 0.57 0.52
29 0.60 0.52 0.50 0.39 0.56 0.52
30 0.59 0.55 0.48 0.38 0.54 0.51
Mean 1.09 0.92 1.02 0.84 1.01 1.04
SD 0.66 0.70 0.66 0.67 0.62 0.68
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Table 16a. Individual Subject's T^c-Tsk Gradients
151
Trec-Tsk at 0 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 3.135 3.02 2.695 3.35 2.85 2.68
S2 2.015 2.185 2.505 1.955 1.56 1.865
S3 2.165 1.885 1.79 2.105
S4 2.81 3.115 3.195 3.915 3.405 3.26
S5 3.33 3.27 2.71 3.305 2.845 3.09
S6 2.58 2.14 2.65 2.995 2.765 2.555
S7 3.03 2.1 3.325 2.31 3.07 2.885
Mean 2.72 2.64 2.71 2.97 2.61 2.63
SD 0.5 0.55 0.47 0.72 0.68 0.51
Trec-Tsk at 5 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 2.053 1.43 1.73 37.35 2.12 1.93
S2 0.9 1.278 1.48 0.67 0.725 1.105
S3 1.02 0.887 0.545 1.123
S4 2.158 2.385 2.108 3.188 2.483 2.498
S5 2.303 2295 1.493 2.005 1.893 1.888
S6 1.683 1.185 1.458 1.758 1.818 1.68
87 2.093 1.083 2.268 1.395 1.772 1.918
Mean 1.74 1.61 1.63 7.73 1.62 1.73
SD 0.57 0.58 0.46 14.54 0.72 0.49
TrecTsk at 10 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 1285 0.578 1.015 37.43 1.315 1215
S2 0.645 0.865 0.945 0.447 0.468 0.75
S3 0.255 0.545 0.265 0.712
S4 1.39 1.535 1.335 1.893 1.513 1.63
S5 0.998 1.013 0.663 0.807 1.008 0.758
S6 1.028 0.53 0.82 0.847 0.803 0.67
S7 1.18 0.072 1.198 0.608 0.805 0.797
Mean 0.97 0.77 0.93 7 0.88 0.93
SD 0.4 0.5 0 2 8 14.91 0.44 0.36
Trec-Tsk at 15 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 0.97 0.277 0.76 0.805 0.95 0.957
S2 0.648 0.74 0.86 0.542 0.513 0.685
S3 02 5 0 0.455 0 2 8 0.65
S4 1.03 1.175 0.968 1.32 1.123 1.125
S5 0.63 0.615 0.425 0.56 37.45 0.555
S6 0.78 0.415 0.618 0.672 0.62 0.55
S7 0.993 -0.08 0.86 0.55 0.72 0.615
Mean 0.76 0.45 0.71 0.74 5.95 0.73
SD 0 2 8 0.44 021 0.3 13.89 0.22
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Table 16b. Individual Subject's Tr«c-Tsk Gradients
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Trec-Tsk At 20 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 0.808 0227 0.718 0.625 0.758 0.81
S2 0.752 0.71 0.808 0.557 0.675 0.71
S3 0.308 0.508 0.195 0.538
S4 0.873 0.88 0.81 0.993 0.95 0.855
S5 0.55 0.5 0.365 0.455 0.7 0.405
S6 0.718 0.36 0.56 0.503 37 0.523
S7 0.925 0.013 0.778 0.622 0.665 0.525
Mean 0.7 0.45 0.65 0.63 5.85 0.62
SD 021 0.32 0.17 0.19 13.74 0.17
Trec-Tsk at 25 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 0.595 0.28 0.43 0.49 0.665 0.675
S2 0.773 0.77 0.645 0.505 0.74 0.752
S3 0.36 0 0.535 0.12 0.472
S4 0.72 0.77 0.7 0.885 0.787 0.74
S5 0.665 0.407 0.305 0.55 0.72 0.37
S6 0.645 0.275 0.485 0.405 0.435 0.525
S7 0.922 0.2 0.612 0.602 0.67 0.49
Mean 0.67 0.39 0.53 0.57 0.59 0.58
SD 0.17 0.29 0.14 0.17 0 2 4 0.15
Trec-Tsk at 30 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 0.46 0.428 0.35 0.355 0.472 0.523
S2 0.835 0.805 0.525 0.49 0.875 0.775
S3 0.36 0.602 0.12 0.435
S4 0.63 0.805 0.645 0.78 0.693 0.677
S5 0.685 0.405 0.23 0.57 0.715 0.285
S6 0.563 0.262 0.502 0.32 0.3 0.47
S7 0.455 0.578 0.42
Mean 0.59 0.54 0.48 0.5 0.54 0.51
SD 0.17 0.25 0.16 0.17 0.26 0.17
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Table 17. T,gc-Tsk Gradients Averaged Over 30 Minutes (Tn^-Tskso)
Subject dl d2 d3 d4 d5 d6
SI 1.26 0.78 1.04 0.59 1.15 1.20
S2 0.88 1.00 1.06 0.68 0.74 0.90
S3 0.60 0.72 0.42 0.83
S4 1.33 1.47 1.33 1.78 1.51 1.48
S5 1.23 1.14 0.81 1.08 1.22 0.96
S6 1.08 0.67 0.86 0.99 1.06 0.92
S7 1.42 0.42 1.33 0.87 1.13 1.03
Mean 1.11 0.91 1.02 0.76 1.03 1.05
SD 0.28 0.37 0.24 0.74 0.35 0.23
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Table 18. Heart Rates Across Subjects & Days
154
Time
minutes Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
0 95 91 94 98 91 94
I 111 109 112 115 109 109
2 117 118 119 118 115 113
3 118 118 119 119 115 114
4 123 119 122 121 116 116
5 121 124 126 123 119 120
6 127 126 130 125 120 120
7 131 129 129 130 123 124
8 132 130 132 130 125 124
9 134 134 137 134 128 128
10 138 135 138 134 129 129
11 138 137 139 137 132 131
12 142 139 141 138 132 134
13 144 142 144 139 135 135
14 145 143 146 142 137 137
15 145 146 147 144 139 139
16 147 146 149 145 139 141
17 150 149 152 147 142 144
18 152 150 152 148 144 144
19 154 151 155 150 147 147
20 154 155 156 152 147 148
21 156 156 156 153 149 150
22 158 157 159 155 150 151
23 161 160 160 157 153 154
24 162 160 162 159 153 156
25 164 163 164 161 155 156
26 165 164 166 162 156 158
27 164 163 167 164 159 160
28 166 165 169 164 160 162
29 165 168 167 165 162 163
30 168 166 170 167 164 162
Mean 143 142 144 142 137 138
SD 19 19 19 18 18 18
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Table 19a. Individual Subject's Heart Rates
155
Heart Rate at 0 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 85 93 90 110 89 94
S2 86 76 90 106 106 109
S3 105 92 112 99 98 104
S4 113 95 99 94 83 97
S5 86 87 86 90 89 90
S6 95 99 86 92 77 80
S7 98 95 97 96 97 87
Mean 95 91 94 98 91 94
SD 11 8 9 7 10 10
Heart Rate at 5 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 121 122 117 128 119 119
S2 113 114 110 110 105 119
S3 117 120 130 122 123 121
S4 138 130 143 124 116 120
S5 123 117 123 115 120 121
S6 122 130 130 127 119 116
S7 142 134 134 140 130 124
Mean 125 124 126 123 119 120
SD 11 8 11 10 8 2
HeartRate at 10 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 140 138 129 134 128 127
S2 127 120 115 114 119 123
S3 133 131 143 136 133 132
S4 146 143 152 136 125 133
S5 136 125 136 126 129 132
S6 135 140 144 147 127 125
S7 151 148 148 150 142 135
Mean 138 135 138 134 129 129
SD 8 10 13 12 7 5
Heart Rate at 15 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 151 150 143 150 139 140
S2 130 133 121 121 126 132
S3 140 143 152 150 147 144
S4 153 154 160 141 138 141
S5 145 136 141 137 135 136
S6 149 149 153 153 136 137
87 163 158 162 156 150 146
Mean 147 146 147 144 139 139
SD 10 9 14 12 8 5
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Table 19b. Individual Subject's Heart Rates
156
Heart Rate at 20 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 162 163 154 158 147 150
S2 140 147 137 133 137 143
S3 142 147 156 155 153 150
S4 161 161 171 153 148 150
S5 151 144 147 142 140 145
S6 154 156 160 159 145 149
S7 172 168 170 165 161 152
Mean 154 155 156 152 147 148
SD 11 9 12 11 8 3
Heart Rate at 25 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 170 172 164 172 155 156
S2 152 150 146 143 146 148
S3 152 157 162 163 156 161
S4 169 166 177 164 166 163
S5 160 153 156 148 147 149
S6 165 163 168 168 153 154
S7 181 180 176 173 167 164
Mean 164 163 164 161 155 156
SD 10 10 11 12 8 7
Heart Rate at 30 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 176 177 172 176 165 166
S2 161 158 158 151 159 163
S3 165 162 170 171 168 168
S4 175 174 182 165 168 166
S5 163 158 163 150 150 155
S6 172 167 173 176 161 162
S7 179 174 156
Mean 168 166 170 167 164 162
SD 6 8 8 12 8 5
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Table 20. Heart Rates Averaged Over 30 Minutes (HR3 0)
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 146 146 141 146 137 138
S2 131 129 125 125 127 133
S3 137 138 147 144 143 140
S4 152 149 157 141 138 140
S5 140 133 139 133 132 135
S6 143 146 148 150 135 134
S7 155 151 153 155 148 142
Mean 144 142 144 142 137 138
SD 8 8 10 10 7 3
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Table 21. Minute Ventilation Across Subjects & Days (L min' ), STPD
Time
(Minutes) Day 1 Day 2 Day 3
Day 4 Day 5 Day 6
0 14.9 17.0 14.0 22.2 15.7 18.2
1 26.0 25.5 26.2 28.9 27.8 27.9
2 30.9 30.2 32.2 32.6 30.5 32.6
3 32.6 34.1 34.2 3 3 2 32.7 33.9
4 34.4 33.0 34.1 35.0 31.3 33.7
5 34.6 34.0 36.1 34.3 32.2 33.8
6 35.0 33.2 34.0 35.1 35.8 34.2
7 33.7 36.7 33.3 36.8 34.2 36.9
8 36.4 36.5 36.1 37.2 35.4 34.9
9 36.1 37.0 37.1 37.4 36.3 35.8
10 36.8 37.8 39.3 37.4 35.4 36.1
11 37.3 35.7 36.2 36.7 34.7 35.5
12 36.6 38.9 37.3 36.1 35.6 36.5
13 36.4 36.6 37.3 37.9 39.1 37.3
14 38.6 38.2 36.8 41.0 39.4 37.8
15 39.8 38.8 30.7 39.0 36.0 36.4
16 39.8 38.9 40.0 38.6 37.6 39.6
17 37.8 39.7 41.2 41.1 37.8 39.0
18 39.3 40.4 38.3 40.2 39.4 39.7
19 38.0 40.0 41.9 38.6 39.0 39.4
20 42.6 42.1 41.5 40.8 39.0 39.5
21 40.0 42.8 41.9 41.3 41.1 42.3
22 41.3 40.1 43.1 41.4 39.3 39.5
23 41.4 42.0 41.4 38.9 39.7 41.3
24 39.3 40.0 43.8 41.5 40.3 40.0
25 41.9 41.5 43.0 44.3 39.6 42.1
26 40.6 43.0 45.8 39.8 40.1 43.3
27 43.9 42.2 47.0 41.1 42.1 42.7
28 42.6 35.1 45.1 38.0 41.1 43.0
29 43.7 33.6 43.2 46.8 42.0 43.9
30.0 46.9 35.6 44.5 40.0 44.2 43.6
Mean 37.4 36.8 38.0 37.8 36.6 37.4
SD 5.8 5.5 6.6 4.6 5.3 5.2
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Table 22. Individuals Subject’s Minute Ventilation (L min"'), STPD
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Minute Ventilation at 5 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 46.72 4727 45.70 51.98 47.49 50.72
82 30.72 33.73 37.48 30.71 29.16 29.49
S3 31.21 27.42 30.61 32.31 29.84 29.53
84 29.61 26.34 38.43 29.11 25.90 28.46
85 34.92 39.62 33.49 33.61 29.25 38.02
86 29.59 32.44 28.86 28.75 32.77 28.09
87 39.21 31.08 38.42 33.83 31.18 32.07
Mean 34.57 33.98 36.14 34.33 32.23 33.77
SD 6.39 7.31 5.69 8.04 7.05 8.21
Minute Ventilation at 10 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
81 53.61 55.03 49.27 55.73 41.99 51.32
82 35.52 34.59 35.75 34.00 34.62 28.57
83 29.47 29.77 36.76 34.63 33.14 30.95
84 31.75 31.93 36.80 32.70 25.75 30.03
85 35.35 38.96 42.85 38.52 34.31 38.50
86 32.38 36.36 33.54 34.36 32.24 30.66
87 39.25 37.68 40.05 32.19 45.41 42.91
Mean 36.76 37.76 39.29 37.45 35.35 36.13
SD 8.07 8.26 5.34 8.32 6.50 8.50
Minute Ventilation at 15 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
81 53.22 56.81 59.12 46.39 52.47
82 35.37 38.38 33.04 35.55 31.54 28.97
83 34.27 32.74 32.93 36.91 40.54 34.01
84 33.38 35.29 36.47 32.14 27.88 29.99
85 42.46 32.51 3828 38.26 33.39 39.47
86 37.87 38.72 32.34 33.38 29.62 34.22
87 41.98 37.42 41.73 37.68 42.41 35.64
Mean 39.79 38.84 35.80 39.01 35.97 36.40
SD 6.92 8.32 3.73 9.15 7.10 7.91
Minute Venti ation at 20 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
81 55.92 57.30 48.38 62.28 50.95 57.59
82 40.44 38.49 39.44 36.95 35.74 34.18
83 38.64 32.26 38.50 37.13 37.92 39.02
84 38.02 36.63 38.80 33.70 28.32 32.97
85 40.35 46.20 42.63 4123 41.57 41.31
86 38.00 41.21 35.94 34.45 32.59 31.69
87 46.95 42.48 46.72 39.99 45.77 40.04
Mean 42.62 42.08 41.49 40.82 38.98 39.54
SD 6.63 8.05 4.60 9.84 7.77 8.79
Minute Ventilation at 25 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
81 51.13 54.94 56.55 58.94 45.90 50.69
82 40.14 34.70 36.35 36.92 33.66 38.10
83 36.63 37.15 40.41 41.37 43.50
84 34.16 31.45 40.35 40.74 33.26 32.75
85 42.37 39.71 37.58 41.09 41.66 46.58
86 44.27 41.39 42.18 41.93 35.65 38.13
87 44.27 51.33 47.69 4928 47.49 44.67
Mean 41.85 41.52 43.01 44.32 39.60 42.06
SD 5.59 8.63 6.99 7.43 6 2 8 6.08
Minute Ventilation at 30 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
81 64.65 67.68 59.80 59.12 54.99 56.17
82 48.78 31.73 47.87 39.80 51.86 43.48
83 42.13 38.42 35.96 43.51 43.46
84 39.98 34.47 41.31 35.77 28.24 31.26
85 42.02 41.09 4729 43.07 48.07
86 43.97 41.26 41.02 38.99 35.39 33.73
87 51.43 48.94
Mean 46.92 42.71 44.51 44.08 44.16 43.59
SD 9.18 14.43 8.40 8.37 10.59 8.72 LA
SO
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Table 23. Minute Ventilation Averaged Over 30 Minutes (VE3 0)
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 51.07 52.48 45.93 54.74 46.68 50.97
S2 34.17 33.69 35.47 29.01 34.03 34.50
S3 33.07 31.63 34.46 35.22 34.96 36.22
S4 32.07 32.49 36.89 32.23 28.12 30.76
S5 36.88 32.85 37.40 38.91 38.22 39.28
S6 34.87 36.51 34.26 33.97 31.89 30.86
S7 38.91 38.06 41.12 40.84 40.28 39.42
Mean 37.29 36.81 37.93 37.85 36.31 37.43
SD 6.50 7.28 4.22 8.44 6.06 6.94
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 24. Oxygen Uptake Across Subjects & Days (ml kg 'min"')
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Time (minutes) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
1 18.31 18.97 19.50 21.14 18.73 18.44
2 21.52 22.11 24.14 23.99 23.18 23.19
3 24.51 23.19 25.25 24.42 23.59 22.71
4 23.68 23.80 24.18 24.52 23.38 24.28
5 25.26 25.15 25.04 24.61 23.69 23.89
6 24.33 24.31 24.47 23.98 24.83 24.11
7 24.16 25.88 24.10 25.26 24.28 24.73
8 25.19 25.15 24.86 25.38 24.21 23.92
9 25.37 25.42 25.85 25 2 4 24.79 24.19
10 25.21 25.90 26.30 25.40 24.70 24.57
11 25.10 25.24 25.22 25.21 24.97 23.78
12 25.46 25.97 25.54 25.85 24.68 25.12
13 25.10 25.84 25.22 26.44 25.93 25.83
14 26.05 26.50 25.10 26.83 26.05 24.66
15 27.12 25.96 26.33 26.36 24.22 25.48
16 26.66 26.03 26.05 26.49 25.58 26.81
17 25.70 27.24 27.27 27.29 25.98 26.37
18 25.79 27.09 26.48 27.58 26.16 26.27
19 26.18 27.06 27.50 26.27 26.22 26.19
20 27.08 27.64 27.47 27.09 25.73 25.99
21 27.45 27.59 28.27 26.75 26.89 27.17
22 25.82 27.38 28.08 26.82 26.20 26.62
23 27.02 27.62 27.83 26.80 27.20 27.23
24 27.02 26.88 28.06 27.65 27.07 27.22
25 27.62 28.06 28.93 27.88 26.87 26.95
26 27.77 27.94 29.05 27.18 27.44 26.96
27 27.34 26.72 28.99 30.50 27.85 27.22
28 27.42 26.79 28.73 30.19 27.81 28.34
29 28.07 26.72 27.88 28.86 27.63 28.05
30 28.42 27.75 28.18 27.54 28.78 27.49
Mean 25.72 25.93 26.33 26.32 25.49 25.46
SO 2.05 1.95 2.06 1.88 1.96 2.02
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Table 25a. Individual Subject's Oxygen Uptake (ml kg ' min ')
Oxygen Uptake at 5 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 28.26 27.76 25.48 26.83 25.64 27.95
S2 18.72 24.59 23.17 20.22 18.9 18.04
S3 27.8 25.63 28.62 31.09 28.33 27.12
S4 18.36 15.76 21.61 16.94 17.47 18.25
S5 26.8 27.04 24.08 26.92 23.79 27
S6 26.39 30.31 26.95 26 27.67 23.87
S7 30.49 24.98 25.35 24.29 24.03 25.02
Mean 25.3 25J2 25 24.6 23.7 23.9
SD 4.8 4.6 2.3 4.7 4.1 4.2
Oxygen Uptake at 10 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 25.85 29.6 26.23 28.3 23.73 28.34
S2 21.62 21.07 21.47 20.1 19.75 19.13
S3 27.31 27.14 29.88 30.18 34.61 25.75
S4 18.52 18.79 20.08 17.83 15.52 18.06
S5 27.15 27.39 28.6 25.89 24.35 26.53
S6 26 30.17 29.14 28.24 25.79 26.79
S7 30.02 27.16 28.68 27.28 29.13 27.38
Mean 25.2 25.9 26.3 25.4 24.7 24.6
SD 3.9 4.3 4 4.6 6.2 4.2
Oxygen Uptake at 15 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 28.77 27.77 28.18 25.08 29.03
S2 21.55 23.96 20.41 22.25 19.46 18.42
S3 29.74 30.25 28.97 33.33 28.35 27.91
S4 20.48 18.65 20.79 19.02 17.6 17.87
S5 29.97 23.17 28.43 27.76 25.37 29.41
S6 28.82 31.36 29.42 28.96 24.65 28.6
S7 30.48 26.59 29.94 24.99 29.01 27.14
Mean 27.1 26 26.3 26.4 24.2 25.5
SD 4.2 4.4 4.5 4.7 4.3 5.1
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Table 25b. Individual Subject's Oxygen Uptake (ml kg ' min"')
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Oxygen Uptake at 20 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 26.92 30.58 26.93 28.95 26.98 30.91
S2 20.15 24.23 23.91 23.53 19.87 22.06
S3 30.05 28.55 29.45 31.26 31.47 29.97
S4 21.1 19.6 21.94 19.45 16.84 17.26
S5 30.25 29.76 27.73 28.9 29.9 28.16
S6 29.14 32.29 29.98 28.49 27.13 26.59
S7 31.95 28.46 32.36 29.05 27.89 26.99
Mean 27.1 27.6 27.5 27.1 25.7 26
SD 4.7 4.3 3.6 4.1 5.4 4.8
Oxygen Uptake at 25 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 27.46 29.52 30.2 29.24 25.86 27.54
S2 22.89 25.37 23.94 21.72 21.85 22.59
S3 32.02 30.51 32.45 33.03 33.16 32.78
S4 18.53 18.33 23.04 20.36 19.39 18.9
S5 29.87 31.01 26.98 28.84 27.19 27.47
S6 31.15 28.26 34.36 31.63 31.43 29
S7 31.39 33.4 31.53 30.33 29.21 30.37
Mean 27.6 28.1 28.9 27.9 26.9 27
SD 5.1 5 4.4 4.9 5 4.7
Oxygen Uptake at 30 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 30.32 33.17 29.91 30.73 29.8 29.58
S2 26.78 21.72 26:27 20.41 28.18 22.77
S3 30.74 31.22 30.84 36.61 31.77 32.78
S4 21.34 19.45 22.56 21.1 18.09 18.32
S5 31.26 28.56 32.24 29.6 28.44
S6 30.08 33.18 30.92 31.08 29.17 28.2
S7 20.58 34.82 32.31
Mean 28.4 27.7 28.2 27.5 28.8 27.5
SD 3.8 6.6 3.3 6.7 5.2 5.2
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Table 26. Oxygen Uptake Averaged Over 30 Minutes (VO2
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 2 7 2 2&6 2 6 3 283 2 6 2 2&4
S2 2U0 2 1 2 2L6 193 2 1 2 2 0 2
S3 2&6 2&0 2 9 2 313 313 2 9 2
S4 1&6 183 2 1 3 183 172 172
S5 2 7 2 2 6 9 2 6 2 2&6 2 7 3 2 7 2
S6 2 7 2 3L0 2 9 2 293 2 7 3 2 6 3
S7 2 93 2T6 293 2 8 2 2 8 2 2 8 2
Mean 2 5 3 2 5 2 2 6 3 2 6 2 2 5 3 2 5 3
S'/) 4.2 4.5 3.6 4.8 4.8 4.4
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Table 27. Respiratory Exchange Ratio Across Subjects & Days
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Time
(minutes) Day 1
Day 2 Day 3 Day 4 Day 5 Day 6
1 0 3 2 0.78 0 2 7 0 3 2 031 03 0
2 0 3 8 033 0 3 2 033 0 3 2 (X81
3 0 3 9 0 3 7 0 3 6 035 0 3 5 0 3 7
4 0.90 038 0 3 7 0 3 7 0 3 6 03 6
5 0 2 0 0 3 7 0 3 8 0 3 9 0 3 8 0 3 8
6 0 2 0 0 2 0 0 3 8 0.90 0 3 9 0 3 9
7 0 2 2 021 0.90 0 2 0 0 3 9 0 3 8
8 021 0.90 0.91 0.90 0 2 0 0.90
9 021 021 0.90 0 2 0 0 2 0 0.90
10 0 2 2 021 (X91 0.90 0.90 0 2 0
11 0.93 021 0.90 0 3 9 0 2 0 0.90
12 0 2 2 021 0.91 0.90 0.90 0.90
13 0 2 2 0 2 0 0.91 021 0.91 (X91
14 0.91 021 0.91 0.90 0 2 2 0 2 2
15 0 2 2 0 2 2 0.90 021 0.90
16 0 2 2 021 0.91 0.90 021 (L91
17 0.93 0 2 2 0 2 2 0.90 021 0.91
18 0 2 2 0 2 2 0.91 021 0.91 0.90
19 0 2 3 0 2 2 (X91 021 021 0.91
20 0 2 2 021 (L91 0.90 0.90 CL91
21 Ĉ 91 021 0 2 0 0 2 0 0.90 0.90
22 0 2 3 0 2 2 0 2 0 0.90 (191 (k91
23 0 2 2 0.90 021 (L91 CL91 0 2 0
24 0 2 3 0 2 2 021 021 021 0.91
25 021 021 CL91 0.90 021 0.90
26 0 2 3 (L91 (L91 0.90 021 0 3 9
27 0 2 3 0 2 2 021 021 Cf91 0.91
28 0 2 3 0 2 0 CL91 0.90 021 0 3 9
29 0.93 0.90 0.90 0.90 0 2 0 0.90
30 0.92 0 3 9 CL91 CI.91 0.90 0.90
Mean 0.91 0 2 0 0.90 0 3 9 0.90 0 3 9
W 0 2 2 023 0.03 02 2 023 023
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Table 28. Individuals Subject’s Respiratory Exchange Ratio
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Respiratory Exchange Ration at 5 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 0 2 0 0 2 4 0 2 2 0.95 0 2 4 0 3 9
S2 021 023 031 033 0 3 0 033
S3 0 3 8 0 3 7 0 2 2 0 3 2 0.84 03 6
S4 033 0 3 6 0 3 0 0 3 2 0 3 2 0 2 9
S5 0 2 4 0 2 2 025 0 2 2 0 2 6 028
S6 0 2 6 0 3 8 0 3 7 0 3 9 0 3 6 035
S7 0 3 9 0 2 2 0.94 120 0 2 4 0 2 4
Mean 0 2 0 0 3 7 0 3 8 0 3 9 0 3 8 0 3 8
0.04 0 2 7 0 2 6 0 2 7 0 2 7 0.07
Respiratory Exchange Ration at 10 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 02 5 0 2 6 0 2 2 0 2 4 0.96 0.90
S2 0 3 9 0 3 2 0 3 6 0 3 6 0 3 5 0 3 7
S3 0.92 0 3 9 0 2 2 0 3 7 0 3 5 021
S4 0 3 8 0 2 2 0 3 4 0 3 5 035 035
S5 0 2 6 0 2 6 02 8 0 2 4 0 2 8 028
S6 0 2 7 0.90 0 2 0 021 0.90 0 3 8
S7 035 0 2 2 0 2 4 0 2 5 02 4 023
Mean 0 2 2 021 021 0.90 0 2 0 0 2 0
0 2 5 0 2 5 0 2 5 0.04 0 2 6 0.04
Respiratory Exchange Ration at 15 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 0 2 6 0 2 9 0.44 0.94 0 2 6 0 3 8
S2 0 3 8 031 0 3 6 0.84 033 0 3 6
S3 0 2 2 0 2 4 0 2 7 0 3 9 0 3 9 0.96
S4 0 3 9 021 0 3 5 0 3 2 0 3 6 037
S5 021 0 2 7 0 2 7 0 2 4 0 2 6 0.92
S6 02 8 0.92 03 8 0.92 0 3 9 03 9
S7 021 0 2 2 02 2 0 2 8 0 2 7 0.91
Mean 0 2 2 0 2 2 0 3 4 0.90 0.91 02 0
2 0 0 2 4 0.06 0T8 0 2 6 0 2 6 023
Respiratory Exchange Ration at 20 Minutes
Subject day 1 day 2 day 3 day 4 days day 6
SI 0 2 8 0.97 0 2 5 0 2 2 0 2 6 0 2 2
S2 0 3 6 033 0 3 7 03 2 033 0 3 9
S3 0 2 2 0 2 4 0 2 2 0 3 9 0 3 9 021
S4 0 3 8 0 3 9 0 3 3 0 3 6 0 3 6 0 3 7
S5 0.92 0 2 2 0 2 7 025 0 2 4 02 6
S6 0 2 8 0 2 0 0 3 9 0.91 020 0.90
S7 0 3 8 023 0 2 2 02 8 0 2 5 0 2 4
Mean 0 2 2 0.91 0.91 0 2 0 0 2 0 Cb91
0 2 5 0.05 0 2 5 025 025 023
Respiratory Exchange Ration at 25 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 02 8 0 2 8 0 2 5 0 2 4 0 2 4 0.92
S2 033 0 3 2 0 3 2 0 3 2 0 3 4 0 3 2
S3 035 0 2 6 0 2 4 0 3 7 0 2 0 0 2 2
S4 0 3 8 0 3 8 033 0 3 6 037 0 3 8
S5 0 2 4 0.91 0 2 7 025 0 2 9 0 2 4
S6 0 2 7 0 3 8 0 3 9 0 2 0 0 3 8 038
S7 0 3 8 021 0 2 4 0 2 6 02 2 0 2 4
Mean 021 0.91 021 02 0 021 0 2 0
2D 0.06 0 2 6 0 2 6 025 025 0.04
Respiratory Exchange Ration at 30 Minutes
Subject day 1 day 2 day 3 day 4 day 5 day 6
SI 0 2 9 0 2 6 023 0 2 4 025 021
S2 0 3 7 033 0 3 6 0.84 031 03 4
S3 0.90 0 2 4 0 2 6 0 3 7 0 3 8 023
S4 0 3 8 0 3 7 033 033 0 3 7 0 3 7
S5 023 0.00 0 2 8 023 023 025
S6 0 2 7 0 3 7 0 3 8 0 3 9 0 3 8 0 3 9
S7 1.04 0 2 5 0 2 4
Mean 0 2 2 0 2 5 0.91 021 0.90 0 2 0
2 0 025 0 3 7 0 2 6 0 2 7 025 0.04 o\
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Table 29. Respiratory Exchange Ratio Averaged Over 30 Minutes (RERso)
Subject day 1 day 2 day3 day 4 day 5 day 6
SI 0.96 0.96 0.90 0.94 0.95 0.89
S2 0.88 0.81 0.84 0.83 0.83 0.85
S3 0.89 0.92 0.93 0.86 0.87 0.90
S4 0.87 0.89 0.83 0.83 0.85 0.84
S5 0.94 0.93 0.96 0.93 0.95 0.96
S6 0.96 0.89 0.87 0.90 0.88 0.88
S7 0.89 0.91 0.92 0.96 0.94 0.92
Mean 0.91 0.90 0.89 0.89 0.90 0.89
SO 0.04 0.05 0.05 0.05 0.05 0.04
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Table 30. Pretest Nude Weight Across Subjects & Days
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Pretest Nude Weights (kg)
Subject 1 2 3 4 5 6 Mean
SI 94.44 95.03 94.47 94.92 95.37 95.10 94.89 0.37
S2 83.96 83.27 84.00 83.42 83.78 82.68 83.52 0.50
S3 60.01 59.81 60.59 59.74 59.61 59.13 59.82 0.48
S4 80.40 79.21 79.83 80.00 79.32 79.85 79.77 0.44
S5 71.93 72.10 72.53 71.76 72.10 72.72 72.19 0.36
S6 69.21 68.25 67.99 67.78 68.81 68.12 68.36 0.54
S7 75.63 74.63 74.84 76.87 76.48 75.78 75.71 0.88
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Table 31. Rating of Perceived Exertion Across Subjects & Days
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Time
(minutes) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
2 10 10 10 11 10 10
4 11 10 11 11 11 10
6 12 11 11 12 11 11
8 12 13 12 12 11 11
10 13 13 12 13 13 12
12 13 14 13 13 13 12
14 14 15 14 14 14 13
16 14 16 14 14 14 13
18 15 16 15 15 14 14
20 15 16 15 15 15 14
22 16 17 16 16 16 15
24 17 17 17 16 16 16
26 17 18 17 17 16 16
28 17 18 18 17 17 16
30 18 18 18 18 17 17
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Table 32. Individual Subject's Rating of Perceived Exertion Across Days
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Rating o f  Perceived Exertion at 2 minutes
Subject dl d2 d3 d4 d5 d6
SI 9 8 7 10 9 7
S2 11 7 9 9 7 9
S3 6 9 7 7 7 7
S4 12 12 11 12 12 11
S5 12 13 13 13 12 12
S6 10 11 11 11 9 11
S7 10 8 12 12 12 11
mean 10 10 10 11 10 10
2D 2 2 2 2 2 2
Rating of Perceived Exertion at 10 minutes
Subject dl d2 d3 d4 d5 d6
SI 11 11 11 13 11 8
S2 12 12 10 11 12 11
S3 13 13 12 11 12 12
S4 12 12 12 12 12 12
S5 15 15 14 14 14 14
S6 13 13 12 13 12 12
S7 13 17 15 16 15 14
mean 13 13 12 13 13 12
2D 1 2 2 2 1 2
Rating of Perceived Exertion at 20 minutes
Subject dl d2 d3 d4 d5 d6
SI 13 15 14 15 14 10
S2 15 15 13 13 15 14
S3 15 17 16 15 15 16
S4 12 13 14 13 13 13
S5 16 16 16 16 17 16
S6 17 19 15 16 14 13
S7 19 19 19 19 18 18
mean 15 16 15 15 15 14
2D 2 2 2 2 2 3
Rating of Perceived Exertion at 30 minutes
Subject dl d2 d3 d4 d5 d6
SI 19 19 17 17 16 13
S2 16 18 17 16 18 17
S3 19 19 19 18 18 19
S4 14 15 15 14 14 14
S5 19 19 19 19 19 19
S6 20 20 19 20 17 16
S7 20 19 20 20
mean 18 18 18 18 17 17
2D 2 2 2 2 2 3
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Table 33. Rating of Perceived Exertion Averaged Over 30 Minutes (RPE3 0)
Subject day ] day 2 day 3 day 4 day 5 day 6
SI 14 13 12 12 13 13
S2 13 14 13 14 13 10
S3 14 15 14 14 13 14
S4 12 13 13 13 13 13
S5 16 16 14 15 13 13
S6 16 16 16 16 16 15
S7 16 16 17 17 17 16
Mean 14.3 14.7 14.2 14.3 13.9 13.4
S'D 1.4 1.3 1.6 1.6 1.6 2.1
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Table 34. Rating of Thermal Discomfort Across Subjects & Days
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Time (minutes) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
2 7 8 8 8 7 7
4 8 8 8 8 8 8
6 8 9 8 9 8 8
8 8 9 9 9 9 8
10 9 10 9 9 9 8
12 9 10 10 9 9 9
14 10 10 10 10 9 9
16 10 11 10 10 10 9
18 10 11 11 10 10 10
20 10 11 11 11 11 10
22 11 12 11 11 11 10
24 11 12 11 11 11 11
26 11 12 12 11 11 11
28 12 12 12 12 12 11
30 12 12 12 12 12 11
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Table 35. Individual Subject's Rating of Thermal Discomfort Across Days
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Rating o f Thermal Discomfort at 2 minutes
Subject dl d2 d3 d4 d5 d6
SI 7 6 7 8 7 6
S2 5 3 6 6 5 6
S3 7 7 7 7 7 7
S4 8 8 8 8 8 7
S5 9 9 10 10 10 10
S6 8 7 7 7 7 7
S7 8 13 8 9 8 8
mean 7 8 8 8 7 7
5D 1 3 1 1 2 1
Rating o f Thermal Discomfort at 10 minutes
Subject dl d2 d3 d4 d5 d6
SI 8 9 9 10 9 7
S2 7 8 7 7 8 8
S3 8 9 9 8 8 8
S4 9 10 9 8 8 8
S5 11 11 11 10 10 10
S6 10 9 8 8 8 8
S7 9 11 10 11 11 10
mean 9 10 9 9 9 8
ao 1 1 1 1 1 1
Rating of Thermal Discomfort at 20 minutes
Subject dl d2 d3 d4 d5 d6
SI 9 11 11 11 11 9
S2 8 10 9 9 11 11
S3 10 11 10 10 10 10
S4 10 11 11 10 9 9
S5 12 12 11 11 12 11
S6 11 12 11 11 10 8
87 12 12 12 12 12 12
mean 10 11 11 11 11 10
5D 1 1 1 1 1 1
Rating of Thermal Discomfort at 30 minutes
Subject dl d2 d3 d4 d5 d6
SI 13 13 13 12 12 11
S2 10 12 11 12 12
S3 12 12 12 12 11 12
S4 12 12 12 11 11 10
S5 13 12 12 12 12 12
86 13 13 13 12 11 10
87 13 13 13
mean 12 12 12 12 12 11
SD 1 I 1 1 1 1
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Table 36. Rating of Thermal Discomfort Averaged Over 30 Minutes (RTD3 0)
Subject day I day 2 day 3 day 4 day 5 day 6
SI 8 9 8 8 10 10
S2 9 10 10 10 10 9
S3 10 10 10 9 9 9
S4 11 10 10 10 9 8
S5 10 10 10 9 9 9
S6 11 11 11 11 11 11
S7 10 12 11 11 11 11
Mean 9.8 10.4 10.0 9.9 9.8 9.5
SD 1.0 1.0 0.9 1.1 1.0 1.0
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Table 38. Subject Physical Characteristics for NBC Protective Clothing Heat Acclimation Studies
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Authors Type
HA
Months of 
Study Age Height Weight Ad Body Fat V02max
n Years Meters kg Percent (ml * • kg * ■ min'*)
Aoyagi et al., 1994 6d Nov-Mar 16 27 (1) 1.76 (0.01) 82(3) 1.98(0.04) 42.1 (1.3)
Aoyagi et al., 1995 6 Nov-Mar 8 29(2 ) 1.79(0.02) 82.6 (3.3) 2.01 (0.04) 18.1 (1.5) 49.5 (2.2)
12 8 28(1 ) 1.78(0.01) 83.8 (2.6) 2.02 (0.02) 19.8(1.5) 48.6 (2.2)
McLellan & Aoyagi, 1996 HW Jan- April 8 28 (1) 1.78 (0.01) 83.8 (2.6) 2.02 (0.02) nr nr
HD 7 34(2) 1.76(0.02) 80.2 (3.4) 1.96(0.05) nr nr
C 7 33(2) 1.77(0.03) 78.0 (4.7) 1.94(0.07) nr nr
Aoyagi et al., 1998 EXP 1 Nov - Mar 9
C+HA 7 2 5 (1 ) 1.76(0.02) 83.6 (3.8) nr 43.9(1.7)
ET + 
HA 6 31(1) 1.76(0.01) 79.2 (3.9) nr 46.3 (2.3)
EX P2
6 8 29(2 ) 1.79(0.02) 82.6 (3.3) nr 49.5 (2.2)
12 8 28(1 ) 1.78 (0.02) 83.8 (2.6) nr 48.6(2.1)
Cheung & McLellan, 1998 ME Sep-Mar 7 27.3 (6.9) 1.78(0.08) 82.9 (5.0) 2.11(0.11 nr 46.1 (2.9)
HE 8 27.9 (6.5) 1.77(0.03) 11.5(2.9) 1.94 (0.14) nr 59.8 (2.8)
Chang & Gonzalez, 1999 nr 10 22.4 (4.4) 1.76 (0.05) 76.6 (10.4) 1.92(0.14) nr nr
■D
CD
C/)
C /)
nr: indicates not reported
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Figure 20. Rating of Perceived Exertion Chart
Rating of Perceived Exertion (RPE)
6
7 Very, very light
8
9 Very light
10
11 Fairly light
12
13 Somewhat hard
14
15 Hard
16
17 Very Hard
18
19 Very, very hard
20
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Figure 21. Rating of Thermal Discomfort Chart
McGinnis Thermal Scale
I Am:
1. So cold I am  helpless
2 . Numb with cold
3 . Very cold
4 . Cold
5 . Uncomfortably cool
6 . Cool buy fairly comfortable
7 . Comfortable
8 . W arm but fairly comfortable
9 . Uncomfortably warm
10. Hot
11. Very hot
12. A lm ost as hot as I can stand
13. So hot I am sick and nauseated
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Investigator: Dale Branks
Faculty Advisors: Dr. Lawrence Golding, Dr. Mohammed Yousef
Department: Kinesiology
Title of Study: The Effect of Heat Acclimation and / or Training on Work in Fire Ensemble.
1. Subjects:
Twenty four male volunteer subjects between the ages o f 20 and 40 years of age will participate. 
Incumbent fire fighters will be recruited from Las Vegas area fire departments. Subjects will have 
been medically screened by their respective department's medical director for work in the heat.
2. Purpose, Methods, Procedures 
Purpose
The purpose of this study is to determine whether training in a hot environment or, at room 
temperature in fire ensemble prolongs time to exhaustion during subsequent woik in fire 
ensemble.
Methods /  Protocols
All procedures will be carried out in the UNLV Exercise Physiology Laboratory.
Protocol day one will include a treadmill test o f maximal aerobic work capacity ( VOimax). This 
test will be done according to American College of Sports Medicine's guidelines for exercise 
testing and prescription. Height and weight will be recorded. Percent body fat, fat Aee mass, and 
fat mass will be assessed by underwater weighing.
Protocol day two: Prior to testing, subjects will be divided into three groups: 2 experimental and 
one control group.(A: work in fire ensemble in the heat, B: work in fire ensemble in ambient 
room temperature conditions, C: control). Subjects will remain working in the groups day two to 
day nine of the protocol (8 days). Assignments to groups will be done so subjects are matched for 
aerobic fitness, and percent body fat. All subjects will be asked to rehain from any other physical 
activity.
Group A will train in fire ensemble by walking on a treadmill for 40 minutes for eight 
consecutive days in a hot climate chamber (40 °C, 30% relative humidity). The treadmill will be
set to a speed and grade equal to 50% of Vcymax
Group B will train in fire ensemble by walking on a treadmill for 40 minutes for eight 
consecutive days at a speed and grade equal to 50% of V 02max . However, training will be done 
at ambient room temperature (22°C, 30% relative humidity).
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Test Termination Criteria: Rectal temperature, heart rate, oxygen consumption, sweat rate, and 
rating of perceived exertion will be recorded during each training session for both group A and B. 
Training will be stopped for the day if the subject becomes incapable of continuing (subject 
requests to stop, heart rate reaches and remains at maximum for more than 1 minute, core 
temperature reaches 39.5 °C, or the subject displays other objective signs of sever exhaustion 
Rectal temperatures commonly cited as thresholds for heat stroke range from 40 to 40.6°C. (1, 2, 
3). However, some evidence suggests higher core temperatures can be tolerated. Pugh et al (1967) 
measured rectal temperatures in marathon runners. The rectal temperatures of the 1"*, 3"̂ , and 4* 
place finishers were; 41.1, 40.5, and 40.2 °C respectively (4). In another study by Maron et al 
(1977), a marathon runner maintained a core temperature between 41.6 and 41.9 °C for the last 
44 minures of a race without sustaining thermal injury (5). Rectal temperatures most commonly 
cited as termination criteria range between 39 and 40 °C (6). Below are examples of test 
termination criteria used in thermoregulation studies.
1. Subjects exercised until exhaustion or until rectal temperature reached 39.5°C or heart 
rate reached 95% of maximum. Selkirk (2001)
2. Tolerance time for all trials was defined as the time until Tn» reached 39.3C, HR 
remained at or > 95% maximal HR for 3 min, dizziness, or nausea precluded further 
exercise, either the subject or the experimenter terminated exercise, or 4 h had elapsed. 
Cheung(1999)
3. Subjects were removed from heat and exercise if core temperature exceeded 40.5 C in 
combination with a HR of > 190 beats /min. Febbraio (1994)
4. Criteria for terminating heat experiments included: (a) HR> 95% of max, (b) rectal 
temperature exceeding 39.5C, and /or (c) symptoms o f impending syncope (nausea, 
headache, or dizziness). Cohen (1982)
Group C will not be required to report to the exercise physiology lab for training. They will be
asked to not engage in any formal exercise plan for time period between the beginning of the 
protocol and work tolerance test.
On Protocol day 10 subjects will perform a test of work tolerance time in a climate chamber. The 
chamber wiU be set to 40 °C and relative humidity of 30%.Standardized fire ensemble will be 
worn, and a Self Contained Breathing Apparatus (SCBA) will be carried on the back. Treadmill 
speed and grade will be adjusted to elicit a work load equal to 75% of maximal aerobic capacity. 
Each subject will be instrumented for measurement of rectal temperature. Mean skin temperature 
will be recorded &om four skin temperature sensors, placed on the chest, thigh, calf  ̂and arm. 
Heart rate will be recorded with a polar heart rate monitor. Oxygen uptake will be measured by 
open circuit spirometry. Subjects will work continuously until they meet the test termination 
criteria for this protocol outlined above.
Diet
All Subjects will be asked to maintain a diet consisting o f 12% calories from protein, 30% 
calories from fat, and 58% calories from carbohydrate. A food record will be used to asses 
dietary compliance. A dietary intervention is necessary since uncontrolled diet may confound the 
results.
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3. Risks
Since fire fighters train for work in the heat, the task used in this study is no greater risk than 
those encountered in their job, the risk is normal for this population. The exercise portion of the 
study may involve the following risks.
1. Since the participants will be wearing their hre ensemble, heat syncope, heat cramps, heat 
exhaustion.
2. Orthopedic injuries can occur from falling while on the treadmill.
3. Cardiovascular complications such as syncope, nausea, or undue fatigue can result.
The likelihood of the occurrence of the above is low. Previous prescreening by medical history, 
physical exam by fire department medical directors will disqualify high risk candidates.
Risk will be minimized by very close monitoring of heart rate, and rectal temperature and 
withdrawal hom the task when reaching a rectal temperature of 39.5 °C or heart rate equal to their 
maximal heart rate for one minute. This temperature and heart rate threshold have been used 
safely as criterion for termination in many heat stress studies. Presence of physical or verbal 
manifestations of severe fatigue will also terminate the test. An emergency action plan is in place 
both on file, and in the exercise physiology laboratory. A protocol has been developed for treating 
hyperthermia. An emergency action plan to that includes protocols for heat stroke, and heat 
exhaustion, have been developed. The risk of transmission of disease is eliminated by the use of 
disposable rectal probes.
4. Benefits:
Participants will become knowledgeable about their physiological limits. Knowing certain 
physiological limitations may reduce occupational injury. Subjects will also know the values for
their body composition, percent body fat, and V o2max. This study will also complement the 
existing research literature regarding occupational thermoregulation, especially related to 
firefighting.
5. Risk -  Benefit Ratio
It appears that the benefits derived from this study outweigh the risks. The firefighters must do 
the tasks included in the study as part of their job. By making them safer increases the value of 
the study.
6. Cost to Subjects
There is no monetary cost to the subjects. The only cost is time to travel to the UNLV Exercise 
Physiology Laboratory, and participate in the experimental protocol.
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7. Informed Consent
The principal investigator will obtain informed consent on the first day of the protocol prior to 
participation. Each subject will sign the form after reading the description of the experimental 
protocol and having have had an opportunity to ask questions regarding the risks, benefits, data 
treatment, and conhdentiality. All data and records will be stored in a locked hie drawer in the 
exercise physiology laboratory at UNLV for at least a 3-year period. Only research personnel will 
have access to the data.
8. Male Only Participants
Females introduce diffèrent considerations for example females have a different thermal 
responses to heat; different percentages of body fat, ahecting thermoregulation; and the effect of 
the menstrual cycle on thermoregulation introduces a confounding factor.
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Biomedical Sciences Institutional Review Board Approval Notice
DATE: M arch 5 ,2002
TO: D ale Anthony Branks, Kinesiology
Dr. Laurence Golding, Advisor 
M /S 3034
FROM : ^  D r Jack Young, Chair
' UNLV Biomedical Sciences Institutional Review Board
RE: Status o f  Human Subject Protocol Entitled. TTie q/" E/eat vfcc/iTMa/ioM a W  or
Trammg on IFbrt m Fire Fwemhle
OPRS#S04S1101-178
This m em orandum  is ofBcial notiGcation that the UNLV Biomedical Sciences Institutional 
Review Board has approved the protocol 6)r the project listed above and research on the project 
m ay proceed. This approval is e le c tiv e  from the date o f  this notiGcation and will continue 
through February 28,2003, a  period o f  one year from  the initial review.
Should the use o f  hum an subjects described in this protocol continue beyond a  one-year penod  
Gom the initial review, it will be necessary to request an extension. Should you  iniGate any 
change(s) to the protocol, it wiU be necessary to request addiGonal approval for such change(s) 
in writing th r o u ^  the OfGce for the ProtecGon o f  Research Subjects.
I f  you have any quesGons or require any assistance, please contact Brenda Durosinmi, in  the 
OfRce for the ProtecGon o f Research Subjects at 895-2794.
cc: OPRS Gle
Office for the Protection of Research Subjects 
4506 Maryland Parkway » Box 451046 « Las Vegas. Nevada 89154-1046 
(702) 895-2794 # FAX: (702) 895-0805
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UNIVERSITY OF NEVADA, LAS VEGAS BIOMEDICAL HUMAN SUBJECTS 
CONSENT TO PARTICIPATE IN A RESEARCH STUDY
TITLE OF STUDY: The EfTeet of Heat Acclimation on Work While Wearing Fire Fighter 
Ensemble in the Heat.
INVESTIGATORS:
PURPOSE:
Dale Branks
Dr. Lawrence Golding
Dr. Mohamed Yousef
638-1954
895-3766
895-2726.
Principle Investigator 
Faculty Advisor 
Faculty Advisor
You are invited to participate in a research study. The purpose o f this study is to determine the 
effect of training in a hot environment while wearing fire ensemble on the rate of rise in core 
temperature and heart rate.
SUBJECTS
I am Dale Branks from the UNLV Department of Kinesiology. I am the principle investigator on 
this project. You are invited to participate in this study because you are a firefighter and are 
capable o f performing the tasks involved in fire fighting. You may not participate in this study if 
you are more than forty years old, or have cardiovascular, orthopedic, or other medical problem 
that would interfere with your safe participation.
PROCEDURES
On the first day, you will have the following measurement taken at UNLV's Exercise Physiology 
Laboratory: Percent body fat by underwater weighing, height, weight, maximal aerobic capacity 
measured on the treadmill. This testing will require approximately one hour.
On the second day, you will being the heat acclimation program. You will train in fire ensemble 
by walking on a treadmill for 30 minutes a day for six consecutive days in a hot climate chamber 
(40 °C, 20% relative humidity). You will wear fire fighter turnouts. An SCBA will be worn. 
However, the mask will not be worn on the face. The treadmill will be set to a speed and grade 
equal to 50% of your Vcymax
During training group you will be instrumented for measurements of rectal temperature, heart 
rate, and oxygen consumption. To measure rectal temperature, you will insert a rectal catheter. 
Heart rate will be determined with a polar chest band. Oxygen consumption will be measured by 
breathing through a face mask. Your body weight will be assessed before and after the heat 
exercise test in the nude. A closed room and scale will be provided for this.
Test Termination Criteria: Training will be stopped for the day if you become incapable of 
continuing (request to stop, heart rate reaches maximum and remains at maximum for more than 
I minute, or core temperature reaches 39.5 °C, or you display other objective signs of severe 
exhaustion.
Participant's Initials (7/18/02 rev.) Page 1 o f2
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RISKS
The potenGal risks are minimal for a fire fighter. Since you work in and train for structural 
firefighting, the risks are no greater than those encountered in your job, or during usual training. 
Nonetheless, exercise testing and training always carries a certain amount o f risk in the form of 
the following:
4. Heat cramps, and or heat exhaustion, from exercising in fire ensemble.
5. Orthopedic injuries resulting from falling while on the treadmill, or stairs.
6. Cardiovascular complications (acute myocardial infarction, angina, arrhythmia, 
cardiovascular collapse, or death)
The likelihood of the occurrence of the above risks is low. Screening prior to the experimental 
protocol by medical history, and physical exam, by your medical director, will disqualify high- 
risk candidates. By very close monitoring of heart rate, rectal temperature and withdrawal hom 
the task on reaching a rectal temperature of 39.5 °C or heart rate equal to your maximal heart rate 
for one minute these risks are lessened. Presence of physical or verbal manifestations o f severe 
faGgue will also terminate the test. Working very close to or at maximal work capacity may cause 
you to experience lightheadedness, nausea, vomiting, or localized skeletal muscle pain. You may 
also experience skeletal muscle soreness for several days following the V02max/peak test. 
Inserting a rectal catheter may cause temporary discomfbrL Also, a face mask will be worn, 
causing some temporary discomfort.
BENEFITS OF PARTICIPATION
Y ou w ill become more familiar w ith your physiologic limits. Recognizing the 
physiologic signs that occur ju st pno r to physiologic strain w ill help you to determine 
w hen work should stop. The results o f  this study w ill com plement the existing literature 
regarding occupaGonal stresses wtnle working in  heat, and the limitaGons o f  perfbm ung 
firefighting tasks in  extreme environmental condiGons.
CONFIDENTIALITY
Your data will be coded and maintained by the principal invesGgator All data and records will be 
stored in a locked file drawer in the exercise physiology laboratory at UNLV for at least a 3-year 
period. Only research personnel will have access to the data. Your identity will not be revealed to 
any unauthorized persons, including Las Vegas Fire Department, and will be protected to the 
extent allowed by law. You will not be personally identified in any reports or publications that 
may result from this study.
Participant's IniGals  (07/18/02 rev.) Page 2 of 3
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RIGHT TO REFUSE OR WITHDRAW
You may choose to withdraw from the study at anytime without penalty. If the study design or 
use of the data is changed, you will be so informed and your consent obtained. You will be told 
of any significant new findings developed during the course of this study, which may relate to 
your willingness to continue participation.
QUESTIONS
Any questions that you have regarding this study will be answered by the investigators 
(895-2726). You may receive information about the rights of subjects from the UNLV Office for 
the Protection of Research Subjects (895-2794).
MY SIGNATURE BELOW INDICATES THAT I HAVE DECIDED TO VOLUNTEER AS 
A RESEARCH SUBJECT AND:
1. I HAVE READ THE ABOVE DESCRIPTION OF THE STUDY AND ITS 
POTENTIAL RISKS.
2 .1 HAVE HAD AN OPPORTUNITY TO ASK ANY QUESTIONS I HAVE ABOUT 
PARTICIPATION IN THIS RESEARCH PROJECT.
3 .1 UNDERSTAND THAT I MAY WITHDRAW FROM THE STUDY AT ANY TIME 
WITHOUT PREJUDICE. I HAVE RECEIVED A COPY OF THIS CONSENT FORM.
Participant : Name  ____________________________________ Date
Participant’s signature;________________________________________
Witness: Name ________________________    Date
Witness’ Signature:_______________________________________
Participant’s Initials  (07/18/02 rev.) Page 3 of 3
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PAR-Q & YOU
(A Qvesbonnatre for People Aged 15 to 69)
Regub"- phydcal activity b fun and healthy, and increadngly mwe people ate îtarting to become mom active evety day. Being mote active 
is very sale tor most people. However, some people should check with then doctor before they start becoming much more physicaNy 
active.
ttuch more physically active than you ate now. start by answering the seven questions in the box below. If 
) and 69, the PABO will tell you if you should check with you doctor before you start, if you are over 69 
sed to being very active, check with your doctor.
Common sense is your best guide when you answer these questicms Please read the questions carefully and answer each one honestly: 
check YtS or NO
If you are plarining to be 
you are between the agr 
years of age, and you an.
YES NO
0 □ Î.
Ü [j 7.
□ ,□ 3
Ci □ 4.
□ o 5,
n □ 6.
Has your doctor ever sard that vou nave a heart condiûon aocf that you should only do physical activity recommerded 
by a doctor?
Do you feel pain in your chest when you do physical activity?
In the past month, have yoi; had chest pain when you were not doing physical activity?
Do you lose your balance because of dizziness or do you ever lose consciousness?
Do you have a bone or jcunt prcdtlem that could be made worse by a change in your physical activity?
Is your doctor currently prescribing drugs (for example, water piWs) for your blood pressure or hean condition?
Oo you know of any other reason why you should not do physical activity?
If
you
YES to one or more questions
Talk with your doctor by phone or in person BEFORE you start becoming much mote physically active of BEFORE you 
trave a fitness appraisal. Tell your doctor about the PAR-Q and which questions you enc.verpd YES.
* You may be able to do any activity you want—as long as you start skrwly and ou u . p gradually. Or, you may 
need to restrict your activities to those which are safe for you. Talk with your no i < .ikwit tf* kinds of activities 
you wish to partiopate in and folksw his/her advice.
« Find out which corrrrrru.nity programs are safe and helpful for you.
g ]
If you answered NO hones a# PAR-0 quetic ns. you can be
reasoriaWy sure Thai you can:
» start becomrng much more physKalty active- -begin slowly
anrj bu*d 14) graduaih'. This rs the safest and easiest vvay to
9 0
» Wke part in the fftnes i appraisal—this 5  an exC0T̂ 0nt w3y
to determine your baSIC fitness so that you can plan the
best way for you to 1
...... . .....................
ve activety.
DELAY BECOMING MUCH MORE ACTIVE:
« If you are not feeling well because of a temporary ill­
ness such as a cold or a fever—wait unbl you feel bet­
ter: or
* If you are or may be pregnant— t̂alc to your doctor 
before vou start becomrng more active.
Meat» net*. 1̂ «-i r -alth cr T r . ' .  rpTyi)u tr c  
arw vrbStoa-ytrt'esbviO 'iuestC 'rs lelrytwF.bMS 
cih»\' ''T'frrksSiO a' AslcvvtwicfyOisncsjClvhrr,^/!^» 
pt.yscff. .Iryityil-.'.,
of the  msR-O: T iie C ar^aAan Society for Exercise Physiology, Hear A  C an ad a , a n d  th e ir  a g e n ts  a ssum e n o  liability for p ersons w h o  undertake  
y  arxl rl in rtoribt afte r cornpleim g this questkirtnaire, cc,nsi..tt your c o c to r prior :o  tsrtystcal actvrry
You are encouraged to copy the PAR-Q but only if you use the entire form
Nol*.' V the FMR-Q » being given to a person hefbre he or she participates in a phydcai atffvity program or a Aness appraisai, (his section may 
he used For iegai or administrabve purposes.
' have read, unrterstood and completed this questionnaire Any tÿiesbons I trad were arwered to my ful: satplaction.
NAME _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
SKNATURE________________________
SIGNATURE O f PA R E N T _________________________________
or GUARDIAN (for pam cipan ts u n d e r th e  a g e  o f majorrty)
O  C anadian Society for Exercise Physiology 
S i x W  canad ienne  d e  physiologie d e  rexeicice S upporttvl by:
D A TE___
WITNESS
Health
C artada C anada
HeprinuBd Irom the IRSa .eased  veruon of the P-.yscal ActMty Aeettness OuestvMinake rrwrt-q and YU J.\ Tr^e rwrt-U and YOU è  .s (opsfighted. L teese iose  screen owned 
bytheC anaiRanSodeqrfof twrcKe ptysiology
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DAILY DATA COLLECTION SHEET
Name
Date
Day o f Protocol 1 2 3 4 5 6
Time MC
Nude Weight fkgl
RHR f sitting)
Resting (sitting)
Time Fire Ensemble on
Time Entered Chamber S G T,._ HR V 02 rpe rtd
Time Began Walking 0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
Pretest
Tdb
Twb
RH
Post Test
Tdb
Twb
RH
Time Exited Chamber
Time Stopped Walking
HR at exhaustion
Tec at exhaustion
Reason for Terminating
Time Fire Ensemble off
Post Nude Weight (kg)
Symptoms:
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END OF STUDY SURVEY
Heat Acclimation While Wearing Fire Protective Clothing -  End of Study Survey 
University o f Nevada, Las Vegas
Name:
Date:
1. In the months prior to  this study, did you participate in a structured exercise program?
2. H ow  often (ex: 3 days per w eek)
3 . What type o f  training? (ex: running, biking, sw im m ing, resistance training)
4. In the months prior to this study, did you train in the heat?
5. If so, how often?
6. H ow  long (hours per day)
7. In the months prior to this study, did you work in the heat daily?
8. I f  so, what type o f  work?
9. During this study, how  many hours a day did you spend working or playing outside per 
day?
10. H ow m any hours a day?
11. What is your occupation?
12. D id you  have experience working in Ere Egbter turnouts prior to this study?
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